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ABSTRACT
The purpose of this research is to demonstrate the ability to generate and characterize a
nanometer sized aerosol using solutions, suspensions, and a bulk nanopowder, and to research
the viability of using an acoustic dry aerosol generator/elutriator (ADAGE) to aerosolize a bulk
nanopowder into a nanometer sized aerosol. The research compares the results from a
portable scanning mobility particle sizer (SMPS) to the more traditional method of counting and
sizing particles on a filter sample using scanning electron microscopy (SEM). Sodium chloride
aerosol was used for the comparisons. The sputter coating thickness, a conductive coating
necessary for SEM, was measured on different sizes of polystyrene latex spheres (PSLS).
Aluminum oxide powder was aerosolized using an ADAGE and several different support
membranes and sound frequency combinations were explored.
A portable SMPS was used to determine the size distributions of the generated aerosols.
Polycarbonate membrane (PCM) filter samples were collected for subsequent SEM analysis.
The particle size distributions were determined from photographs of the membrane filters.
SMPS data and membrane samples were collected simultaneously. The sputter coating
thicknesses on four different sizes of PSLS, range 57 nanometers (nm) to 220 nm, were
measured using transmission electron microscopy and the results from the SEM and SMPS
were compared after accounting for the sputter coating thickness. Aluminum oxide nanopowder
(20 nm) was aerosolized using a modified ADAGE technique. Four different support
membranes and four different sound frequencies were tested with the ADAGE. The aerosol
was collected onto PCM filters and the samples were examined using SEM.
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The results indicate that the SMPS and SEM distributions were log-normally distributed
with a median diameter of approximately 42 nm and 55 nm, respectively, and geometric
standard deviations (GSD) of approximately 1.6 and 1.7, respectively. The two methods yielded
similar distributional trends with a difference in median diameters of approximately 11 – 15 nm.
The sputter coating thickness on the different sizes of PSLSs ranged from 15.4 – 17.4 nm. The
aerosols generated, using the modified ADAGE, were low in concentration. The particles
remained as agglomerates and varied widely in size. An aluminum foil support membrane
coupled with a high sound frequency generated the smallest agglomerates.
A well characterized sodium chloride aerosol was generated and was reproducible. The
distributions determined using SEM were slightly larger than those obtained from SMPS,
however, the distributions had relatively the same shape as reflected in their GSDs. This
suggests that a portable SMPS is a suitable method for characterizing a nanoaerosol. The
sizing techniques could be compared after correcting for the effects of the sputter coating
necessary for SEM examination. It was determined that the sputter coating thickness on nanosized particles and particles up to approximately 220 nm can be expected to be the same and
that the sputter coating can add considerably to the size of a nanoparticle. This has important
implications for worker health where nanoaerosol exposure is a concern. The sputter coating
must be considered when SEM is used to describe a nanoaerosol exposure. The performance
of the modified ADAGE was less than expected. The low aerosol output from the ADAGE
prevented a more detailed analysis and was limited to only a qualitative comparison. Some
combinations of support membranes and sound frequencies performed better than others,
particularly conductive support membranes and high sound frequencies. In conclusion, a
portable SMPS yielded results similar to those obtained by SEM. The sputter coating was the
same thickness on the PSLSs studied. The sputter coating thickness must be considered when
characterizing nanoparticles using SEM. Finally, a conductive support membrane and higher
frequencies appeared to generate the smallest agglomerates using the ADAGE technique.
ix

LITERATURE REVIEW
Engineered nanoparticles are extremely small man-made structures with unique
properties (NIOSH, 2009). It is precisely their small size that lends to their uniqueness.
Nanoparticles are finding their way into a variety of products from medical applications and
electronics to clothing and cosmetics. It is also their small size that makes them difficult to
study. Engineered nanoparticles agglomerate extensively after manufacturing, forming larger
agglomerates. Nanotechnology is an emerging technology and the health effects associated
with occupational exposure to engineered nanoparticles is of increasing concern but poorly
understood. Inhalation is generally the primary route of exposure in an occupational setting.
Evidence suggests that nanoparticles should be more toxic than larger particles of the same
chemistry given an equivalent dose (NIOSH, 2007). Studies have shown disease associated
with exposure to ultrafine particulate air pollution. Further, animal studies have shown disease
processes resulting from exposure to engineered nanoparticles (NIOSH, 2009). Unfortunately,
it is difficult to perform animal studies using an aerosol generated from a bulk nanopowder since
the aerosol would contain agglomerates of the nanoparticles. The adhesive forces that hold the
agglomerates together are difficult to break and require sufficient energy to do so. Suspending
the nanoparticles in a suspension is problematic due to potential impurities in the solvent. It is
desirable to generate a nanoparticle aerosol in a dry form for inhalation testing in an animal
model to better understand the biological nature of this material. An apparatus that imparts
sufficient energy to deagglomerate the bulk powder and suspend the particles is necessary.

1

Nanoparticles
The National Institute for Occupational Safety and Health (NIOSH, a list of abbreviations
is included in Appendix A) defines nanoparticles as structures with one dimension less than 100
nanometers (NIOSH, 2009). Nanoparticles have unique physical and chemical properties due
to their small size that make them ideally suited for many applications. However, their small
size also makes them hard to study. Nanoparticles tend to agglomerate or form larger particles.
The health effects associated with human exposure to nanoparticles are inconclusive.
Furthermore, occupational exposures are difficult to quantify and interpret (NIOSH, 2009).
Nanotechnology is an emerging field. Therefore, nanoparticle research is an area in need of
more work.
The International Organization for Standardization is developing a standard method for
defining nano-objects. Nanoscale is a size range from approximately 1 nanometer (nm) to 100
nm. A nano-object is defined as any material with one, two, or three external dimensions in the
nanoscale. A nanoparticle is defined as a three dimensional object with all three aspects in the
nanoscale. An agglomerate is a collection of weakly bound particles. An agglomerate is also
termed a secondary particle; whereas, the particles that make up the agglomerate are termed
primary or source particles (ISO, 2008).
NIOSH has attempted to classify nanoparticles into two separate components. The first
are the nanoscale particles that are by-products of human activities, and the second are
nanoscale particles that are engineered to have specific properties. Both types of particles
have diameters less than 100 nm but it is their origins that determine what they should be called
(NIOSH, 2009). Ultrafine particles are typically nanoscale particles that are not intentionally
produced (NIOSH, 2009). Ultrafine particles are usually heterogeneous in nature, both
chemically and physically, and arise from human activities such as welding fume condensates
and combustion products. NIOSH has labeled ultrafine particles as incidental nanoparticles
(NIOSH, 2009).
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Engineered nanoparticles are intentionally produced (NIOSH, 2009). They are
engineered to have very specific properties such as size, shape, surface reactivity, and
chemistry (NIOSH, 2009). They are therefore very homogeneous in nature. Since engineered
nanoparticles are deliberately produced, there exists the possibility of human exposure (NIOSH,
2009). When engineered nanoparticles become airborne they are termed a nanoaerosol
(NIOSH, 2009).
Nanoparticles are man-made elements that have been specifically engineered at the
atomic and molecular levels to have certain characteristics (NIOSH, 2009). Nanoparticles have
a larger surface area and a higher count than larger particles of the same total mass (NIOSH,
2007). Nanoscale particles that are 500 nm in diameter have a surface-to-volume ratio of less
than 0.01 %; whereas, nanoparticles less than 100 nm have a surface-to-volume ratio of greater
than 0.1 % and approaching 15 % at 10 nm (Theodore and Kunz, 2005). Nanoparticles
therefore have unique physical and chemical properties that are very different from larger
particles of the same chemical composition (NIOSH, 2007).
Nanotechnology
Nanotechnology is the manipulation of matter at the molecular or atomic level to produce
new and unique structures, materials, and devices (NIOSH, 2007). Nanoparticles are a part of
this technology. Every person in the modern world is likely exposed to or uses products
containing material derived from nanotechnology. A 2013 Nanotechnology Consumer Products
Inventory states that over 1600 consumer products have been introduced to consumers since
2005; an additional 24 % increase has occurred since 2010 (The Wilson Center, 2013).
Specific examples of where nanotechnology is being used include: semiconductor chips and
other small electronics, high surface to volume catalysts, ceramics, lighter-weight alloys, and
other metallic compounds; coatings, paints, fillers, and food-packaging applications; polymer
composite materials; transparent sunscreens; fuel cells, batteries, and gas sensors;
nanobarcodes; and the purification of pharmaceuticals and enzymes (Theodore and Kunz,
3

2005) to name a few. One only has to look at the Project on Emerging Nanotechnologies,
Consumer Products Inventory website (http://www.nanotechproject.org/cpi/) to see the breadth
of products that contain nanoparticles.
Nanotechnology is finding exciting applications in medicine. This emerging field is being
used in tiny sensors for screening and analysis of analytes in clinical and diagnostic laboratories
(Farokhzad, 2009). For example, biochips are being developed that integrate biology,
biochemistry, microelectronics, and digital control. Biochips may be incorporated into “labs on
chips” technology where a nanosensor is capable of analyzing extremely small samples.
Another application of biochips involves the integration of cells where the biochip analyzes the
cells physiology. This has profound implications in neural research where researchers seek
new treatments for brain damage and disease (Farokhzad, 2009). Nanotechnology is also
benefitting areas of medical care. Nanogels and nanoengineered scaffolding materials are
being used in plastic surgery and for wound healing (LaVan and Langer, 2009).
Nanopatterened porous implants are being used to improve the fusion of bone fractures. Antibody coated nanoparticles can be used to enhance diseased cells for imaging techniques.
Surface-modified nanoparticles are being used for targeted drug delivery to tumors.
Nanotechnology may even one day allow for neural interfaces to nanoelectronic devices that
control neurostimulators for prosthetic devices (LaVan and Langer, 2009). These examples
represent only the tip of the iceberg for nanotechnology to impact medicine.
Exposure
Occupational exposure to nanoparticles can occur in a variety of settings (Brouwer,
2010; Kaluza et al., n.d.). These settings may include research and development,
manufacturing, secondary use of nanopowders, such as in blending operations, and the cutting,
drilling, or sanding of nanoparticle infused materials. Since primary nanoparticles agglomerate
quickly, manufacturing may offer the likeliest potential for occupational exposure to primary
nanoparticles. This exposure may occur due to leaking reactors, reactor clean-out operations,
4

product handling and product drying (Brouwer, 2010; Kaluza et al., n.d.). In most instances,
inhalation is the primary route of airborne exposure. Unfortunately, determining the level of
exposure via inhalation is not easy. Traditional personal sampling using filtering membranes is
one measure and they rely on a collected mass. Often other larger particulates overwhelm the
nanoparticle fraction or other incidental nanoparticles interfere with an accurate determination.
In most cases, knowing the background concentrations of other particles and calculating the
temporal fluctuations of both incidental and engineered nanoparticles is necessary for making a
reasonable assessment of exposure. Papers investigating occupational exposure to
nanoparticles often refer to the exposure as the “potential exposure” because this kind of
detailed assessment is difficult to perform (Kaluza et al., n.d.; Neubauer, Seipenbusch, &
Kasper, 2013; Peters et al., 2009).
Peters et al. (2009) described a method to distinguish between incidental and
engineered particles. The authors attempted to distinguish between incidental particles and
engineered lithium titanate metal oxide nanomaterial in a manufacturing facility. Filter-based
sampling was performed for gravimetric and metals analyses and particle characterization using
electron microscopy. Real-time activity-based monitoring was performed using a condensation
particle counter (CPC) and an optical particle counter/sizer. The authors found that the area
with the most extensive nanomaterial handling had the greatest respirable mass concentration
containing a large fraction of nanomaterial. Electron microscopy confirmed the presence of the
engineered nanomaterial as well as incidental particles. Activity based findings were consistent
with the off-line methods and also showed that material handling was the primary source of
nanomaterial exposure. However, Peters et al. (2009) could not reconcile the real-time and offline methods for characterizing engineered nanomaterials in the nanometer range. This study
illustrated the difficulties in characterizing a nanoaerosol.
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Tsai, Ada, Isaacs, and Ellenbecker (2009); Tsai, Huang, and Ellenbecker (2010); and
Tsai (2013) evaluated the potential for nanoparticles to be released from different types of fume
hoods during the manual handling of nanopowders. Measurements were made within the
breathing zone. Real-time instrumentation was used to detect and characterize the presence of
increased levels of particles outside the fume hoods during the manual handling of
nanopowders. A new nanoparticle aerosol filter sampler developed by Tsai (2009) was used to
collect particles for characterization by electron microscopy. The authors concluded that the
design of the hood and the operation of the hood determined the extent to which nanoparticles
were released. The authors indicated that the standard hoods, with a constant flow, that they
evaluated presented the greatest potential for nanoparticle release and exposure; whereas,
hoods with more advanced air-flow systems, i.e. biological and constant velocity hoods, were
least likely to release nanoparticles. These studies illustrated the issues associated with a
method of control used to prevent potential exposures to nanomaterials.
The new sampler developed by Tsai (2009) involves attaching a transmission electron
microscope grid to a polycarbonate membrane housed in the sampler. The sampler is operated
at a relatively low flow rate. This allows small particles time to diffuse onto the grid. The entire
size distribution is sampled onto the polycarbonate membrane (PCM). The small particles
gathered on the grid can be observed by transmission electron microscopy (TEM). The entire
size distribution can be observed on small sections of the polycarbonate membrane using
scanning electron microscopy (SEM). This method would therefore have some advantages if
one were only interested in the smallest particles within a distribution.
Potential health effects
Nanoparticles have a larger surface area and are more biologically active on a mass-tomass basis than larger particles of the same chemical composition (NIOSH, 2009).
Nanoparticles tend to deposit deeper in the gas exchange regions of the lung than larger
particles of the same material. Once inside the body, nanoparticles can be absorbed and can
6

travel to organs throughout the body. Nanoparticles can cross cell membranes and affect
organelles. Cell cultures containing nanoparticles have shown oxidative stress and impaired
function. Animal studies using rats have shown that nanoparticles deposited in the sinus
cavities can travel to the brain (NIOSH, 2009). Su et al. (2010) conducted a study
administrating polyhydroxylated fullerenols, a spherically shaped carbon structure C60(OHx), to
three different cell lines: Chinese hamster lung cells, Chinese hamster ovary cells and L929
cells, a type of mouse cell line. The authors reported that the fullerenols caused severe toxicity
to the both Chinese hamster cell lines but had almost no effect on the L929 cell line suggesting
differential toxicities depending on cell type. Ma et al. (2013) exposed rats to cerium oxide
nanoparticles that are associated with diesel exhaust. The authors found that the exposure
induced lung phospholipidosis and fibrosis. Bihari et al. (2010) demonstrated that single-walled
carbon nanotubes activate platelet formation in vitro and accelerate thrombus formation in the
circulatory system in vivo in mice. Mice exposed to single-walled carbon nanotubes showed
pulmonary inflammation and fibrosis as did rats exposed to multi-walled carbon nanotubes
(NIOSH, 2009). Indeed, it has been suggested that carbon nanotubes may cause disease like
that of asbestos (Fubini, Fenoglio, Tomatis, & Turci, 2011; Pacurari, Castranova, & Vallyathan,
2010). It has been postulated that carbon nanotubes and asbestos might have similar health
effects due to their fibrous nature. Pacurari, Castranova, & Vallyathan (2010) reviewed the
literature and compared the characteristics and biological responses important to human
disease among single-walled and double-walled carbon nanotubes and crocidolite asbestos.
Characteristics such as length, diameter, biopersistence, pulmonary clearance, presence in the
alveolar interstitium, ability to translocate to the pleura, ability to cause mesothelioma, and
initiate reactive oxygen species generation were evaluated. Generally, multi-walled carbon
nanotubes were moderately similar to crocidolite; whereas, single-walled carbon nanotubes
were less so. Interestingly, single-walled carbon nanotubes were noted by Pacurari,
Castranova, and Vallyathan (2010) to have more of an ability to initiate reactive oxygen species
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generation than multi-walled carbon nanotubes. Fubini, Fenoglio, Tomatis, & Turci (2011)
performed a similar literature review and concluded similarly that carbon nanotubes were
hazardous. Interestingly, fullerene-exposed juvenile bass demonstrated extensive brain
damage and altered liver genes (Theodore & Kunz, 2005).
The human health effects of occupational exposure to engineered nanoparticles is
largely unknown (NIOSH, 2009). This is mainly due to the fact that nanotechnology is an
emerging field. Data from animal studies, using specific nanoparticles, show their ability to
cause disease. There are some human cell line data available that reveal nanoparticles’
deleterious effects. One in vitro study used human vascular endothelial cells to show a
concentration-dependent decrease in mitochondrial activity, an increase in membrane leakage,
and cell death following cell uptake of 304 nm silica particles (Blechinger et al., 2013). These
findings were in-line with another in vitro study that found size-dependent and concentrationdependent effects of amorphous silica nanoparticles on human endothelial cells. Small silica
nanoparticles, < 20 nm, reduced cell viability much more than larger particles > 100 nm
(Napierska et al., 2009). Suzuki et al. (2014) exposed human umbilical vein endothelial cells
and human monocytic leukemia cells to zinc oxide nanoparticles to investigate the migration
and adhesion of monocytes. The authors found increased uptake of cholesterol by the
monocytes and suggested that nanosized zinc oxide particles might initiate and cause the
progression of atherosclerosis.
Other studies have associated human exposure to very small particulates and disease
(Brook et al., 2010; NIOSH, 2009). Fine and ultrafine “incidental” particles are implicated in
disease processes in humans. Air pollution is an example of a human exposure to very small
particles that can cause or aggravate respiratory and cardiovascular disease. Exposure to
particulate air pollution has been associated with increased cardiovascular morbidity and
mortality (Brook et al., 2010). Welding fume exposures are known to cause neurological
disease in occupationally exposed workers. Data on occupational exposures to larger
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particulates known to cause disease offer a “best case scenario” for predicting the potential of
nanoparticles from the same material to also cause disease. It can be expected that
occupational exposures to nanoparticles could be more significant due to the increased surface
area and reactivity of nanoparticles and their tendency to deposit deep within the lung (NIOSH,
2009).
Toxicological studies with engineered nanoparticles using an animal model are difficult
to perform. Nanoparticles quickly agglomerate after manufacturing thus forming much larger
particles (Kaluza et al., n.d.). The agglomerates are held together by weak forces such as Van
der Waals and static forces (Kaluza et al., n.d.). Unless these bonds can be broken, it is difficult
to expose the animal to actual nanoparticles. Since it is impractical to expose the animal in a
manufacturing setting, it is desirable to either generate a nanoaerosol or have an apparatus that
can deagglomerate a bulk nanopowder.
Methods of nanoparticle generation
Several methods exist for generating nanoparticle aerosols. These methods may be
generally categorized according to whether the nanoaerosol is generated from an original
nanoparticle source or whether the nanoparticles are aerosolized at some point after their
original production. The later may include nanoparticles from a suspension or a bulk powder.
There are two methods for generating an original nanoaerosol that include liquid methods and
gas phase methods. Liquid methods of nanoparticle generation require that a solution, for
example a sodium chloride solution, be atomized into droplets that are subsequently dried.
Liquid methods of generation include pneumatic atomization or nebulization, ultrasonic
atomization, electrohydrodynamic atomization (electrospray), and spray pyrolysis. A potential
problem with the liquid methods exists when impurities in the solvent interfere with nanoparticle
formation or remain a part of the aerosol. Gas phase methods of generating nanoparticles
require a gas-to-particle conversion via nucleation and growth (Biskos et al., 2008). Gas phase
methods of generation include furnace generators, glowing-wire generators, spark-discharge
9

generators, flame synthesis, plasma synthesis, and laser ablation. Biskos et al. (2008) has
published an in-depth literature review of these methods that include their working principals,
applications, advantages, and limitations.
More recently, Bau et al. (2010) evaluated the electrical properties of a nanoaerosol
produced by a commercial spark-discharge generator. Their emphasis was a comparison of the
measured fraction of electrically neutral particles compared to the values predicted theoretically.
Efimov et al. (2013) evaluated a nanoaerosol produced by a multi-spark discharge generator.
The investigators attempted to improve the performance of the traditional spark-discharge
generator by incorporating three consecutive spark-discharge gaps connected in series. The
investigators demonstrated the ability to generate nanoparticles and control their agglomeration
by controlling particle concentration and residence time within the generator.
Generating an original nanoaerosol is a good way to produce a mostly unagglomerated
aerosol since many of the parameters that govern the agglomeration process can be controlled
(Biskos et al., 2008). However, these methods are incompatible for generating an aerosol from
a bulk powder, with the exception of nebulization and ultrasonic atomization. If one wants to
generate a nano-sized aerosol from a bulk powder, another method is needed (Schmoll et al.,
2009). Mechanical attrition methods, fluidized bed aerosol generators, small-scale powder
dispersers, and acoustic dry aerosol generator/elutriators are methods described in the
literature that can aerosolize a bulk powder (Schmoll et al., 2009).
A somewhat less sophisticated means of generating nanoparticles involves mechanical
attrition. This process uses a mechanical device that imparts energy to a course material so as
to reduce its size (De Castro & Mitchell, 2002). In this milling process, milling media, usually
hard spheres, impact the material to be milled, usually a course particulate, causing it to
fracture. Milling usually takes place in a sealed vial or container. The material inside the
container can be shaken, rotated about its axis, or stirred. It is important that the milling media
be sufficiently harder/stronger than the material to be milled. Contamination is a problem that
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may arise from the milling material and the milling container (De Castro & Michell, 2002). De
Castro and Mitchell (2002) suggests that nanometer sized particulates can be generated with
sufficient milling times. It should be possible to incorporate a gas flow through the container to
produce a nanoaerosol after a sufficient milling time.
Salah et al. (2011) reports generating nanoparticles using a high-energy ball mill. A
high-energy ball mill uses a strong magnetic force and magnetic milling media to impart greater
impact energies within the mill. Salah et al. (2011) claims to have milled commercially available
zinc oxide (size 0.6 – 1 micrometer) into nanosized particles using hardened steel balls without
any contamination. The zinc oxide was reduced to approximately 30 nm spherical nanoparticles
of almost equal size after 50 hours of milling. The authors used TEM and SEM to characterize
the nanomaterials.
A method of generating a nanoaerosol, similar to milling, involves the use of a fluidized
bed aerosol generator (FBAG). A FBAG consists of a vertical, hollow tube containing bed
particles supported by a porous material at its base. Sufficient air flow is applied up through the
bed to cause the bed to fluidize. Smaller powder particulates may be added to larger bed
particles to facilitate their deagglomeration and aerosolization via the collision interactions of the
larger bed particles and powder (Chen and John, 2001). This is called a two-component FBAG.
A single-component FBAG only contains one kind of particle. Wang et al. (1998) used a singlecomponent FBAG and fluidized different fine particle powders of various sizes. The
investigators found that larger agglomerates, made up of smaller discrete particles, are formed
at the bottom of the bed while small agglomerates, made up of larger discrete particles, are
formed at the top. The authors concluded that fine particles are seldom released as individual,
primary particles but only as agglomerates. Yao et al. (2002) further supports this conclusion in
their study of fluidization and agglomerate structure of nanosized silicone dioxide. Therefore,
only two-component FBAGs are discussed in this review.
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Maynard et al. (2004) demonstrated the utility in using a FBAG to aerosolize bulk carbon
nanotube material down to 12 nm. However, their results showed that the most difficult size to
generate was in the 50 – 100 nm range. Briefly, they used a two-component FBAG in
conjunction with a standard laboratory vortex shaker. The fluidized bed consisted of 70 µm
bronze beads. The vortex shaker was used to fluidize the beads instead of an air flow. The
authors reported that when air was used to form the bed, the aerosol was dominated by the
material from which the beads were made. High efficiency particulate air filtered air was used to
suspend the particles which were then characterized using instrumentation. Contamination
associated with the bronze beads was still present, but to a lesser degree. As a second step in
their approach to reduce the contamination associated with the bronze beads, Maynard et al.
(2004) then attempted to aerosolize the bulk material without the use of the beads by relying
solely on the energy provided by the vortex shaker to break up the agglomerates. They
reported that increasing amounts of nanometer sized carbon nanotubes were released with
proportional increases in agitation levels in this single component fluidized bed configuration.
Prenni et al. (2000) designed a FBAG for studies using carbon black with an average
primary diameter of 13 nm. This team was interested in generating a high number
concentration of submicrometer aerosol using air flow rates < 10 liters per minute (L/min). Their
FBAG used bronze beads as part of the bed material and was operated with and without a bed
replacement feed system. The research team varied the air flow through the FBAG to optimize
the aerosol size and concentration. Their aerosols were characterized using a scanning mobility
particle sizer (SMPS). The authors reported higher number concentrations using the feed
replacement system coupled with higher air flow rates. Number concentrations in the range of
104 and 105 were reported with flow rates between 5 – 9.9 L/min with count median diameters
(CMD) between 160 – 200 nm. The team did generate an aerosol with a CMD of 62 nm when
the flow rate through the FBAG was 2 L/min; however, the number concentration was a low 210
particles centimeter-3 (cm-3). The authors did not address any contamination issues.
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Denny et al. (2010) explored the use of a FBAG to load titanium dioxide particles onto
ventilation filters with the goal of improving a photodegradation process over a manually loaded
filter. The FBAG consisted of bronze beads and titanium dioxide with a crystallite size of 30 nm.
A SMPS was used to characterize the size distribution of the titanium dioxide aerosol. SEM
was used to assess the particle dispersion on the filters. The authors reported generating a fine
aerosol distribution with a peak between 40 – 90 nm. A SEM micrograph showed the small
nature of the particles deposited onto a filter sample. The authors did not explore any
contamination associated with the bed matrix.
Clemente et al. (2013) used a FBAG to generate a stable silica aerosol. Instead of using
a traditional two-component system of glass beads and silica powder, they coated their glass
beads with silica nanoparticles. Briefly, they added glass beads to a colloidal suspension of 515 nm silica nanoparticles in 25 milliliters (ml) of 96% ethanol. The suspension was stirred until
the ethanol evaporated. The coated beads were used in the FBAG. Large particles were
removed from the aerosol flow using an impaction device. The aerosol was characterized using
a SMPS, SEM, and TEM. The CMD of their aerosol distributions were approximately 200 nm,
as determined by SMPS, with a geometric standard deviation (GSD) of 1.3. SEM and TEM
confirmed a similar but slightly larger distribution. The authors checked to make sure the
aerosol emanated from the coating and not the beads themselves. They fluidized uncoated
glass beads and found that the number concentration decreased below 5 particles cm-3 after a
few minutes of operation. The authors concluded that a stable concentration of about 10,000
particles cm-3 with a size range of 100 – 400 nm could be generated over a course of 12 hours
of continuous operation.
A small-scale powder disperser (SSPD) is a commercially available product that can be
used to aerosolize a bulk powder. The bulk powder is brushed onto a turntable with abrasive
paper rings. Capillary suction, caused by a venturi aspirator, transmits the powder into the
venturi throat. The powder is deagglomerated by the shear forces where the two flows meet.
13

The manufacturer states the SSPD can be used to deagglomerate most dry powders in the
range of 0.5 to 5 µm; however, particles less than 1 µm are not efficiently deagglomerated (TSI,
2012).
The acoustic dry aerosol generator/elutriator (ADAGE) is a dust generator based on the
Pitt 3 designed by the University of Pittsburg (Weyel et al., 1984). It was originally used to
aerosolize cotton dust. The generator relies on sound waves produced by a speaker to
disperse a bulk powder; an adjustable amplifier provides the power to the speaker. The
generator consists of a Plexiglas® column that is sealed at both ends with a rubber membrane.
A speaker is mounted to the bottom end of the column. Filtered, compressed air is introduced
through the wall of the column approximately 2 centimeters (cm) above the rubber membrane.
Bulk powder is placed on the rubber membrane above the speaker. The energy produced by
the speaker disperses the powder which is entrained by the filtered air. Particles are carried up
the column where they leave through an exit port (Weyel et al., 1984; Schmoll et al., 2009). The
column acts as a vertical elutriator where larger particles can be separated according to their
terminal settling velocity using the air velocity within the column (Spurny, 2001).
Schmoll et al. (2009) tested a SSPD and an ADAGE using bulk powders. The aerosol
was characterized using a SMPS. The SSPD and ADAGE were each tested with titanium
dioxide and silicon dioxide with approximate primary diameters of 20 nm. Additionally, the
ADAGE was tested with single walled carbon nanotubes. The authors found that the titanium
dioxide aerosol produced by the two methods was low in concentration and less than 500
particles cm-3. Silicon dioxide could be generated using the ADAGE at a sufficient and
consistent concentration, approximately 4,000 particles cm-3, over an extended period of time of
> 30 minutes (min). The authors noted that their aerosols coated the inside of their Plexiglas®
column and that static charge build-up during generation may have caused this phenomena.
These methods were able to produce a completely homogeneous aerosol; however, neither
method was able to produce an aerosol with a median diameter close to that of the primary
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particle size. The SSPD produced a unimodal distribution when silicon dioxide was aerosolized;
but the ADAGE produced bimodal distributions with all other bulk powders tested (Schmoll et
al., 2009). It should be noted that Weyel et al. (1984) operated their ADAGE at a frequency of
60 Hz; however, Schmoll et al. (2009) did not specify the frequency at which their ADAGE was
operated in their study.
Adamcakova-Dodd et al. (2012) improved upon the ADAGE by constructing it out of
aluminum and electrically grounding it so as to reduce particle loss to the walls. Both ends of
the ADAGE were sealed with stretched latex sheets. Aluminum oxide nanowhiskers, 2 – 4 nm
in diameter and 2800 nm in length, were aerosolized using 10 hertz and 1 hertz overlapping
signals. A venturi aspirator was used to enhance the deagglomeration process. The resulting
aerosol was used to expose mice. A SMPS was used to characterize the size distribution of the
aerosol. SEM and TEM were used to assess the degree of agglomeration in the aerosol. The
authors reported that the aerosol distribution consisted of agglomerates with a geometric mean
mobility diameter of 150 nm and a GSD of 1.6. The authors concluded that sub-chronic
exposures to the nanowhisker aerosol increased the levels of macrophages in the lung but did
not produce any detectable inflammatory or toxic responses.
Nanoaerosol sizing and counting
Several of the studies discussed above used a SMPS and/or electron microscopy to
characterize the aerosol. A SMPS is an instrument capable of determining the size distribution
of a polydispersed aerosol (Biskos et al., 2008; Heim, Kasper, Reischl, & Gerhart, 2004). The
SMPS provides a fast and convenient method for determining an aerosol’s size distribution.
The instrument consists of two individual units connected in series: an electrostatic classifier
and a particle counter. The electrostatic classifier separates a polydispersed aerosol based on
the particle’s electrical mobility which is related to its size. Particles within a narrow size range
are allowed to pass through the classifier depending on the conditions within the classifier and
the charges on the particles. The particles that are classified enter a particle counter where
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they are counted; remaining particles are exhausted out of the classifier uncounted (Biskos et
al., 2008; Heim, Kasper, Reischl, & Gerhart, 2004). A differential mobility analyzer is a common
type of electrostatic classifier used in a SMPS (Biskos, et al., 2008). Most traditional SMPSs
have been large, multi-component, laboratory based instruments. Recently, two companies,
TSI, Inc. and Particle Measuring Systems, have marketed a portable SMPS capable of sizing
and counting particles down to 10 nm.
A CPC is commonly used to count the classified particles in a SMPS (Biskos et al.,
2008). A CPC can also be a stand-alone unit to determine the particle concentration of an
aerosol. A CPC is a type of optical particle counter that can detect particles smaller than
traditional optical counters can. It does this by growing small particle to a size large enough to
be detected by optical light. Particles enter an area of saturated vapor where the aerosol
becomes saturated. It is then cooled to form a supersaturated vapor. The vapor condenses on
the particles thereby making them larger. The particles can then be detected by optical light and
counted (Biskos et al., 2008; Heim, Kasper, Reischl, & Gerhart, 2004).
Both scanning and transmission electron microscopy allow for the direct observation of
particle morphology and agglomerate structure and the ability to perform nanometer sized
measurements (Biskos et al., 2008; Buhr et al., 2009). SEM allows for the examination of
specimen surface structure. Accelerating voltages and resolution are generally sufficient for
examining nanoparticles on the order of a few nanometers (Biskos et al., 2008; Buhr et al.,
2009). Specimens that are not conductive must be coated with a thin layer of a conductive
material to prevent the specimen from charging. This coating adds to the size of the specimen
depending on the coating process (Electron Microscopy Sciences, 2014). Transmission
electron microscopy allows for a lateral, cross-sectional view of a specimen (Buhr et al., 2009).
The specimen must be thin enough to allow the electron beam to be transmitted through the
specimen. TEM generally allows for higher accelerating voltages, higher magnification, and
better resolution capability than SEM (Biskos et al., 2008; Buhr et al., 2009). The image
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formation is more straightforward than SEM and it is not as sensitive to charging (Buhr et al.,
2009). Specimens for TEM examination do not need to be coated. An electron microscope
configured with a quality digital camera allows for the acquisition of detailed electron
micrographs. Graticules allow for the measurement of particle size (Spurney, 2001). An
enlarged picture of a graticule allows for the measurement of particles in an electron
micrograph.
Based upon a review of the literature, it seems reasonable that an ADAGE is an aerosol
generator that could aid in the deagglomeration and suspension of a bulk nanopowder and that
SMPS and electron microscopy are suitable techniques to characterize the resulting aerosol.
The purpose of this research is to demonstrate the ability to generate and characterize a
nanometer sized aerosol using solutions, suspensions, and a bulk nanopowder; and to research
the viability of using an ADAGE to aerosolize a bulk nanopowder into a nanometer sized
aerosol.
Specifically, the objectives of this research are:
1. To generate a stable and reproducible sodium chloride aerosol concentration in the
nanometer range;
a. To generate and reproduce a high aerosol concentration.
b. To generate and reproduce a low aerosol concentration.
2. To characterize the sodium chloride aerosols in 1.a. and 1.b. using:
a. A portable scanning mobility particle sizer and,
b. Scanning electron microscopy.
3. To compare the results obtained from 2.a. and 2.b.;
a. To determine the sputter coating thickness on the individual salt crystals.
b. To satisfactorily reconcile the effects of the sputter coating so that the results of SEM
characterization technique can be compared to the results of the portable SMPS.
c. To statistically compare the distributional results of the two techniques.
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4. To explore the viability of an ADAGE to aerosolize a bulk nanopowder using:
a. Four different types of support membranes: aluminum foil, plastic wrap, wax paper,
and Tedlar®.
b. Four different sound frequencies, specifically, 1 kilohertz (kHz), 5 kHz, 10 kHz and
15 kHz, in conjunction with each support membrane type.
5. To characterize the nanopowder aerosols in 4.a. and 4.b. using:
a. A portable scanning mobility particle sizer and,
b. Scanning electron microscopy.
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METHODS
This research was conducted using two separate methods. The first method
demonstrated the ability to generate a sodium chloride nanoaerosol and characterize it using a
scanning mobility particle sizer (SMPS) and scanning electron microscopy (SEM). Polystyrene
latex reference spheres were used in the characterization procedure and to determine the
sputter coating thickness on different sized spheres. To this researcher’s knowledge, the
results of the later exercise were the first to be undertaken in a scientific project. The second
method explored the viability of using an ADAGE to aerosolize a bulk nanopowder.
Nanoparticles from solutions and suspensions
Sampling Chamber
Design
A sampling chamber was fabricated (Figure 1). The chamber consisted of a 20” x 20” x
20” aluminum frame. The front, rear, and top were 0.125” aluminum plate; while the sides and
bottom were 0.25” plate safety glass. The plate glass was silicon glued to the frame; the top
and back aluminum plates were welded. The inside of the chamber was accessible from the
front via a removable aluminum plate. This plate was affixed to the chamber using eight
threaded, welded bolts and wing nuts and sealed with a gum rubber gasket. The front plate had
a magnahelic pressure gauge attached to it to measure the pressure inside the chamber. The
back of the chamber had thirteen access ports. Seven of these ports housed quick-disconnects
that were positioned laterally across the middle. These ports served as the sampling ports.
Five of the access ports housed brass, barbed hose connections. Four of these hose
connections served as the exhaust returns for instrumentation and were located laterally 2.5”
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Figure 1: Diagram of the sample chamber

from the bottom. The fifth hose connection served as the exhaust port for the sample chamber
and was centered below the instrumentation return ports. The last access port housed a
hygrometer/thermometer probe and was off-set from the return ports. The top of the sampling
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chamber had four 1” outside diameter (o.d.) threaded tubes welded approximately 5” from the
corners. A 1 3/8” o.d. aerosol inlet was located in the center top of the chamber.
A copper exhaust manifold was fabricated and placed at the bottom of the chamber.
The exhaust manifold was designed to pull air evenly down the inside of the chamber. The
manifold was constructed using one-inch diameter copper pipe, four 90 elbows, and one Tconnection soldered together. Twenty-five 1/16” holes positioned approximately every two
inches were drilled in the top of the manifold. Four half-inch legs were soldered to the bottom of
the manifold. The end of the T-connection had a barbed hose connection soldered to it. The
exhaust manifold was connected to the exhaust port of the sample chamber.
Five perforated screens with 3/16 inch holes were positioned inside the chamber to help
achieve a uniform air flow; three were placed at the top and two were placed at the bottom of
the chamber. The first perforated screen was suspended two inches from the top of the
chamber. The second perforated screen was suspended one inch below the first and the third
perforated screen suspended one inch below the second. The perforated screens were
suspended using button-sized magnets glued together to make the required spacing. The two
perforated screens at the bottom were positioned three and four inches above the bottom and
were also held in place using magnets.
Four half inch diameter, 90 copper elbows were affixed to each of the inside 1” tubes at
the top of the chamber. The elbows were aligned so that the elbows opposite each other were
directed at each other and in line with the aerosol inlet. This alignment was necessary to
ensure turbulent mixing and even distribution of the aerosol concentration in the chamber.
All elements within the sample chamber were grounded to the chamber’s aluminum
frame. The sample chamber itself was electrically grounded. This grounding was necessary to
minimize any potential static electricity build-up during operation and data collection.
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Leak testing
Leak testing was performed on the chamber. The door and gasket were securely
tightened. All rear ports and top openings were sealed with the exception of the exhaust port.
The exhaust port was connected to a pump via tubing and a valved, quick-disconnect.
Qualitative leak testing was performed by creating 3 – 4 inches of water positive pressure inside
the chamber. A soap solution was then applied to all fabricated edges and sealed ports and
openings. The formation of a soap bubble indicated a leak. Any leak was sealed until no soap
bubbles were observed. Quantitative leak testing was then performed. The chamber was
drawn down to approximately negative five inches of water. The amount of time it took the
chamber to reach approximately a negative half inch of water was determined. Time
measurements were recorded approximately every half inch of water. Pressure versus time
was graphed and the resulting line equation was compared to published acceptable criteria
(McClellan and Henderson, 1995).
Aerosol distribution
The sample chamber was qualitatively evaluated to determine the uniformity of an
aerosol introduced into the chamber. High efficiency particulate air (HEPA) filter cartridges
(North P100, Part# 7580P100) were attached to the threaded 1” tubes on the top of the
chamber. The rear ports remained sealed with the exception of the exhaust port to which a
vacuum pump was attached. Colored smoke was introduced into the chamber through the
aerosol inlet at a rate of approximately 6 L/min. The vacuum pump was operated at
approximately 40 L/min. These conditions simulated expected experimental operating
parameters. The uniformity of the smoke was observed and videotaped through the sides of the
chamber over several runs. A lamp situated on the opposite side aided in these observations.
A white piece of cloth placed evenly over the top of the highest, bottom two perforated screens
during one of the runs recorded the smoke stain absent where tape was placed at the corners
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and middle of the cloth. This provided a surrogate measure of the aerosol distribution within the
chamber in that it allowed for a qualitative visual inspection of the smoke stain on the cloth.
Aerosol Generation Train
The general experimental set-up for generating an aerosol is depicted in Figures 2 and
3. A 3-jet Collison nebulizer was operated at 20 pounds per square inch using HEPA filtered
nitrogen; this resulted in 6 L/min of aerosol exiting the nebulizer. The nebulizer was connected
to a diffusion dryer (ATI, Model 250) to remove water vapor from the aerosol. The outlet of the
dryer was connected to an aerosol neutralizer (TSI, Model 3054) to impart a neutral charge
distribution on the aerosol cloud. The outlet of the neutralizer was connected to the chamber’s
aerosol inlet via a brass T-connection inserted through two appropriately sized rubber stoppers.
The brass T-connection allowed for a method to draw off part of the aerosol to control the
aerosol concentration entering the chamber.

Collison
Nebulizer

Diffusion
Dryer

Aerosol
Neutralizer

Chamber

CPC
SMPS
PCMs

Figure 2: Aerosol generation and sampling schematic

Aerosol concentration
A device, termed the “Grabber,” was constructed to remove part of the aerosol from the
generation train (Figure 4). The device consisted mainly of two capped PVC tubes with valves.
A double capped HEPA filter with barbed hose connections removed particulates from the air
stream. The filter end of the cap was connected to the brass T-connection located at the
sampling chamber’s aerosol inlet. The outlet side of the HEPA filter was connected to a mass
flow meter (TSI, 4100 Series). The meter was required to monitor the flow rate into the grabber.
The mass flow meter was in turn connected to a valve threaded into the first PVC tube. A
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Figure 3: Photograph of the aerosol generation system

Figure 4: Photograph of the “Grabber” device
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second valve, in this case a needle valve, was threaded into the other end of the PVC tube and
open to atmosphere. This PVC tube was then connected to a second PVC tube. One end of
the tube had a second valve threaded into it, also open to atmosphere. The opposite end of the
PVC tube had a barbed hose body threaded into it. The second PVC tube was connected to a
vacuum pump. The two valves open to atmosphere each had a 37 mm filter membrane (Type
AA, 0.80 µm, Millipore Corp.) attached to them to prevent particulates from clogging the valves.
The maximum flow rate through the grabber was regulated by a 7 L/min critical orifice inserted
in-line between the grabber and the vacuum pump. The flow rate into the grabber could be
finely tuned, between 0.5 - 7 L/min, by varying the amounts of air through the valves open to
atmosphere.
Humidity control
A large capacity desiccator dryer was constructed to control the humidity of the air prior
to it entering the HEPA filters connected to the sample chamber (Figure 5). The entire humidity
control apparatus consisted of two parts, the dryer and a distribution manifold. An eight quart
plastic container housed one pound of desiccant (Moisture Gone). The desiccant was
supported above the level of two 3/8” barbed hose connections using a round piece of
perforated screen cut to fit snugly around the container walls. The perforated screen was
further supported by a short section of round PVC pipe drilled with holes to allow air movement
through the pipe. A round section of polyester padding prevented course desiccant particles
from falling through the perforated screen. Two sections of tubing were connected to the
barbed hose connections. The tubing was connected to a Y-connection that in turn was
connected to the distribution manifold. Each HEPA filter attached to the sample chamber had a
2” PVC cap glued to it. Each cap had a barbed hose connection threaded into it to make a
connection to the distribution manifold. The distribution manifold had a by-pass valve to allow
room air to mix inside. The relative humidity of the make-up air entering the sample chamber
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could be controlled at or below the relative humidity of the room air by varying the ratio of room
air and dried air.

Figure 5: Photograph of the large capacity desiccator dryer and distribution manifold. The photograph
shows how the humidity controlled air was introduced into the sample chamber.
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Salt Nano-Crystals from a Sodium Chloride Solution
Nano-sized salt crystals were generated by nebulizing a low concentration solution of
sodium chloride in water. Approximately 0.1515 grams plus or minus (±) 0.5 milligrams (mg) of
99.5% sodium chloride (Acros Organics, Belgium) was weighed using a Mettler balance
(AE240). The sodium chloride was dissolved in 50 ml of Environmental Grade water (Fischer
Scientific, NJ). Approximately 25 ml of this solution was added to a clean BGI 3-jet Collison
nebulizer.
Prior to aerosol generation, the sample chamber was evacuated to exhaust airborne
particles down to an acceptable background concentration. An acceptable background
concentration was less than 0.3 particles cm-3. The background concentrations were quantified
using a condensation particle counter (CPC) (TSI, Model 3007) and a portable scanning mobility
particle sizer (PMS, Nano-ID NPS500).
The aerosol was generated according to the methods described above. The make-up
air flow rate through the HEPA filters was approximately 40 L/min or about 10 L/min per HEPA
filter. Two distinct concentrations of salt aerosol were generated to detect any concentrationdependent differences within and between the methods used to characterize the size
distribution of the aerosol. A CPC was used to monitor the concentration in the chamber in real
time. Six runs were conducted at a concentration of approximately 75,000 particles cm-3. This
was determined to be at the upper range of one of the methods. Four runs were conducted at a
concentration of approximately 20,000 particles cm-3. This was determined to be well within that
method’s operational range. The relative humidity was maintained at or below 42% during
these runs.
Sampling and analysis
The salt aerosol was sampled using two methods: active sampling onto polycarbonate
membranes (PCM) and SMPS. A CPC was used to gauge the aerosol concentration at any
given time. Three SMPSs were operated simultaneously; although, only the information and
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data from one SPMS (PMS, Nano-ID NPS500) was reported here. The SMPS inlets were
connected to the chamber at spots 2, 3, and 4 using conductive tubing at the sample chamber’s
back. The inlet tubes for the instruments were connected to a brass T-connection so that they
shared a common sample port. The CPC was connected to the chamber at spot 5 using
conductive tubing. The inlet port of the CPC tube was positioned as close to the SMPS
common port as possible. This arrangement was chosen so that all the instrumentation
sampled relatively the same air. Two 25 mm, three-piece conductive filter cassettes
(Nuclepore, Corp.) with PVP-free, 0.2 µm, 25 mm PCMs (Sterlitech) were connected to the
chamber at spots 6 and 7 using conductive tubing. The PCMs were chosen because they
offered a relatively smooth surface on which the particles can be observed using SEM. All
sampling ports and filters were electrically grounded to the bottom diffuser to minimize static
electricity build-up. Figure 6 shows the configuration of the sampling arrangements relative to
each other.
The PCM filters were operated at a flow rate of 1.8 L/min. This flow was maintained
using calibrated critical orifices connected to a high vacuum pump via reinforced hose. PCM
samples were collected for approximately 30 min for high concentration runs and approximately
105 min for low concentration runs. These sampling times were determined to yield an
acceptable density of salt crystals for sizing and counting, described below.
The SMSP was operated with the following parameters: 15 nm – 300 nm, 2 min scan,
and 50 second (sec) reverse scan. A two minute scan time was chosen to minimize capturing
any fluctuations of particle concentration within a scan. It also allowed for more scans within
each run. A 50 sec reverse scan time was chosen to ensure that particles were cleared from
the SMPS between scans. Ten scans were obtained during high concentration runs. Thirty-five
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Figure 6: Photograph of the configuration of the sampling arrangements

scans were obtained during low concentration runs. The number of scans equated to roughly
the same amount of sample time as the filter samples, respectively. The PCM samples and the
SMPS were started and stopped at the same time.
The two-hundred and twenty nanometer polystyrene latex spheres (PSLS)
(Polysciences, Inc. cat #07304, Lot # 639018) were deposited onto a separate PCM. An
aliquot of 0.24 ml stock PSLS was mixed in 25 ml Environmental Grade water and sonicated for
one minute. The mixture was nebulized and sampled onto a PCM using the methods described
above. The sample served as a size reference for the sizing procedure discussed below.
The PCM samples were examined using SEM. Prior to SEM examination, the samples
were sputter coated using gold/palladium at 50 milliamps (mA) for one minute and 15 sec. SEM
micrographs of the salt aerosol on the PCM were taken using a JOEL JSM6490 SEM. The
SEM parameters were: 30 kiloelectronvolts (keV), 60,000 magnification (i.e. 60 kX), 12 mm
working distance, and a spot size of 25 (the spot size is an arbitrary unit). The micrographs
were imaged using secondary electrons. Approximately 40 SEM micrographs were taken for
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each run with a target of 25 salt crystals per micrograph. SEM micrographs of the 220 nm
PSLS were imaged for each SEM session under the same conditions as the salt crystals. The
micrographs of the 220 nm PSLS served as a reference for calibrating the graticule used in the
sizing procedure.
At this point it is important to clarify a few terms. The manufacture of the PSLSs have a
stated nominal size. This size is now referred to as the manufacture’s stated nominal size or
MSNS. PSLS can be measured using SEM and transmission electron microscopy (TEM).
PSLS sizes determined using SEM as the method of measurement are now referred to as the
SEM apparent size or SEMAS. PSLS sizes determined using TEM as the method of
measurement are now referred to as the TEM apparent size or TEMAS. The significance of
these distinctions is discussed below.
The salt crystals in each micrograph were sized using an enlarged Porton graticule. A
Porton graticule was enlarged using a photocopier until the outside edges of circle #8 matched
the circumference of a PSLS in a micrograph. An enlarged Porton graticule was generated for
each SEM session due to differences in the sizes of the PSLSs. A PSLS micrograph from each
respective SEM session was used to calibrate the Porton graticule for sizing salt crystal
micrographs taken during that session. Circle #8 of the graticule was calibrated to that of a
PSLS as measured using the SEM or the SEMAS of the PSLS. Each circle of the Porton
graticule represented a geometric progression of √2 from the stated calibrated, size (Hinds,
1999). For example, if circle #8 equaled 220 nm SEMAS, then circle # 9 equaled 311.1 nm and
circle #7 equaled 155.6 nm. Each size interval was defined as greater than the size below and
equal to its maximum size. Therefore, in this example, the smallest interval ranged from 19.5
nm to 27.5 nm and the largest interval ranged from 220.1 nm to 311.1 nm. Each circle was
bisected into two equal parts. SEM micrographs of the salt crystals were sized along the
horizontal, a measure similar to a Ferret’s diameter measurement, using the size of a circle in
the Porton graticule (see figure 7). A salt crystal was classified into its respective size
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Figure 7: Photograph showing salt crystal measurement. The SEM micrograph shows salt crystals and how
they were measured using an enlarged Porton graticule. The arrow indicates a measurement made using circle
#5 of the graticule.

interval when the crystal’s outer edges fell within the outer edges of that circle and exceeded the
outer edges of the circle below it. This procedure was performed until at least 1000 salt crystals
were classified into their respective intervals for each run. The resulting frequency per interval
was converted to the cumulative percent as a function of the upper size of the interval. The
cumulative percent versus the upper size was plotted on a log-probability graph using the LNP3
application log-normal probability plotting positions (Zonum Solutions, 2006). A line of fit was
generated. The CMD was determined at the 50% diameter and the GSD was determined as
the square root of 86%/16% diameters.
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The raw data from each respective run of the SMPS, 64 channels, were summed into
intervals of similar size and magnitude as those used for SEM characterization of the salt
aerosol. The resulting frequency per interval from the SMPS was converted and graphed in a
similar manner. A line of fit was generated. The CMD and GSD were determined from the
graphs. The graphs of SEM characterized and SPMS characterized salt aerosol were
compared. Descriptive statistical comparisons, CMD and GSD, were made between each of
the runs in each method of characterization. Descriptive statistical comparisons, CMD and
GSD, were also made between the methods of characterization. The percent difference
between the CMDs of the distributions derived from the two characterization techniques were
calculated for each run. An overall percent difference between the methods was calculated
based on the average of the CMDs within each method. The percent difference was calculated
as

/

x100 , where A = the SEM and B = the SMPS methods of sizing.

The sodium chloride aerosol was characterized using two different methods, namely
SEM and SMPS. However, the two methods characterized different states of the aerosol. The
SMPS characterized the airborne aerosol. The SEM method of characterization required that
the aerosol sample be sputter coated with a thin layer of metal to make it conductive. The
effects of sputter coating a particle added to its overall size by depositing a thin layer of metal on
its surface (Electron Microscopy Sciences, 1014)). This additional thickness was estimated to
be between 10 and 20 nm. Although a few nanometers would not likely have affected the
classification of larger crystals, it became important when the sputter coating thickness was on
the same order of magnitude as the size of the smaller salt crystals. This effect needed to be
addressed in order to compare the two characterization techniques. One concern was that
smaller particles may be sputter coated differently than larger particles. Another concern was
that the MSNS of the PSLSs was different than what was seen using SEM. Furthermore, the
edge effects inherent to SEM added some uncertainty. Therefore, PSLS of different sizes were
measured using TEM before and after sputter coating using the methods discussed below.
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Ultimately, all SEM characterized salt aerosol runs were corrected to eliminate the effects of the
sputter coating and the SEM edge effects by calibrating the Porton graticule, circle # 8, using
the CMD of TEMAS 220 nm uncoated PSLSs.
Polystyrene Latex Spheres
PSLSs of different sizes were measured using TEM before sputter coating and after
sputter coating. Three National Institutes Standards and Technology (NIST) certified PSLS
standards were obtained from Fischer Scientific: 60 ± 4 nm MSNS, 92 ± 3 nm MSNS, and 147 ±
3 nm MSNS; their Certificates of Calibration and Traceability to NIST are included in Appendix
B. The NIST certified PSLS and the 220 nm PSLS (Polysciences #07304, 0.22 µm, SD =
0.0176 µm) were deposited by diffusion onto the carbon coating of the copper micron reference
grids (Ted Pella, Inc., Prod # 01910-F) for inspection using TEM.
Two distinct PSLS sizes, 92 nm and 220 nm, were aerosolized and deposited onto a set
of four TEM grids. The PSLS standards were mixed in 10 % ethanol and water; the ethanol was
added to enhance droplet formation. Seventy microliters (µl) of 92 nm MSNS PSLS and 200 µl
of 220 nm MSNS were mixed in 45 ml of ultra-filtered water and 5 ml of 95% ethyl alcohol
(AAPER Alcohol and Chemical Co.) and sonicated for one minute. This suspension was added
to a clean 3-jet Collison nebulizer. The aerosol was generated according to the methods
described above except that the conditions were optimized for maximum PSLS concentration
within the sample chamber. The make-up air flow rate through the chamber’s HEPA filters was
reduced to approximately 10 L/min and all the aerosol was introduced into the sample chamber
to increase the PSLS concentration. This suspension was generated and sampled for three
hours and 20 min to obtain a sufficient particle loading, as described below.
The PSLS generation technique was repeated using the remaining two distinct PSLS
sizes, 60 nm and 147 nm PSLS. These PSLS were deposited onto another set of four TEM
grids. 25 µl of 60 nm MSNS PSLS and 120 µl of 147 nm MSNS PSLS were mixed in 10 %
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ethanol. This suspension was generated and sampled for 2.5 hours to obtain a sufficient
particle loading, as described below.
Sampling and analysis
The PSLSs were deposited onto TEM grids using a modified Tsai et al. (2009)
technique. The technique involved attaching a TEM grid to a filter membrane. The technique
was modified by placing a small piece of scotch tape, slightly larger than the TEM grid, on the
PCM directly under the grid. The modification was necessary to prevent air passing through the
membrane and rupturing the carbon film on the grid. A second, small slice of scotch tape was
used to secure the TEM grid to the PCM filter. The tape was positioned so that it touched only
the outer rim of the grid. This was necessary to prevent damaging the grid during its removal
from the PCM. Two TEM grids were attached to each of four PCMs using this method. Two 25
mm conductive cassettes with two TEM grids each were used for each set of PSLS samples.
Therefore, each mixture had four TEM grids associated with it. The flow rates of these samples
were 0.8 L/min and were maintained using calibrated critical orifices and a high vacuum pump.
The PSLS on the TEM grids were measured using TEM. TEM micrographs of the PSLS
were taken using a FEI Morgagni TEM with a 1.4 MPixel side mount camera. The TEM
parameters were 60 keV, and 623 kX. One TEM grid from the first set was loaded onto the
specimen holder and inserted into the TEM. The grid hole location was noted and
photographed. The 92 nm and 220 nm PSLSs were measured across their diameter using the
instrument’s software. A measurement was valid when the outer edges of a unique PSLS were
clearly visible along its diameter and in focus; Figure 8 shows examples of valid measurements.
To prevent re-measuring the same PSLS, the measurements began along the perimeter of the
grid hole moving the TEM stage along the perimeter of the hole. When the field of view moved
within the grid hole, the instrument’s stage was moved methodically up and over-left and down
and over-left and so on to prevent re-measuring the same PSLS. Several TEM micrographs
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Figure 8: Polystyrene latex spheres measured using transmission electron microscopy. The TEM micrograph
shows measurements of two different sizes of PSLSs.

were captured using this procedure; however, few 220 nm PSLS were present. The TEM grid
was removed and replaced with a TEM grid from the second set deposited with a mixture of 60
nm and 147 nm PSLS. Again, few of the 147 nm PSLS were present. It was then decided that
more PSLSs needed to be deposited on the grids to increase the concentration of the 147 nm
and 220 nm PSLSs on the TEM grids.
The PSLS generation and sampling were repeated to increase the density of mainly the
larger PSLSs on the TEM grids. Two of the original four TEM grids deposited with 92 nm and
220 nm were re-processed with additional 92 nm MSNS and 220 nm MSNS PSLSs. These
grids had remained attached to their PCM from the first run. The same methods used above
were used here except that 35 µl of 92 nm MSNS PSLS and 250 µl of 220 nm MSNS were
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mixed in 10 % ethanol, generated, and sampled for an additional four hours. These two TEM
grids were used in the final TEM procedure for sizing these two PSLS sizes. This was repeated
with two of the original four TEM grids deposited with 60 nm and 147 nm PSLS. These grids
also had remained attached to their PCM from the first run. The generation was repeated with
12 µl and 170 µl aliquots of the 60 nm MSNS and 147 nm MSNS PSLS, respectively. This
suspension was generated and sampled for an additional two hours and fifteen minutes. These
two TEM grids were used in the final TEM procedure for sizing 60 nm and 147 nm PSLSs
TEM was resumed on the re-processed grids under the same conditions. PSLS
measurements took place over several days. The grid holes where PSLS measurements were
made were referenced and recorded; no grid hole was revisited. The EM stage was moved
methodically to prevent re-measuring a PSLS as previously described. TEM micrographs of all
four PSLS sizes were captured with measurements. A minimum of 100 valid and unique
measurements were taken for each PSLS size prior to sputter coating. The re-processed TEM
grids were then gold/palladium sputter coated under the same conditions as the PCM/salt
crystal samples, 50 mA for 1 min and 15 sec. The sizing procedure was then repeated under
the same conditions used before. A minimum of 100 valid and unique measurements were
taken for each PSLS size after sputter coating. All PSLS measurements, uncoated and coated,
are the TEMAS.
Each PSLS size had a distribution of at least 100 individual TEMAS measurements,
coated and uncoated. The respective distributions were sorted smallest to largest. The
respective distributions were then summed into size intervals four nanometers in width. The
first interval began with the smallest measurement rounded down to a whole number. Each
resulting frequency per interval was converted to the cumulative percent as a function of the
upper size of the interval. The cumulative percent versus the upper size was plotted on logprobability graph using the LNP3 application (Zonum Solutions, 2006). A line of fit was
generated. The TEMAS CMDs and GSDs were determined from the graphs. The coated PSLS
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TEMAS CMD was subtracted from the uncoated PSLS TEMAS CMD within their respective
sizes to get the overall thickness of the sputter coat, respectively. The thickness of the overall
sputter coat was compared relative to the size PSLS on which the coating was deposited.
Nanoparticles from a bulk powder
ADAGE Design and Operation
An ADAGE for aerosolizing a bulk powder was machined out of aluminum according to
figures 9, 10, & 11. The ADAGE consisted of three main components: the body, a speaker, and
a membrane that supported the powder over the speaker. The ADAGE had a high frequency
speaker mounted at one end. Two different speakers were used in this study; a Powerline, KSN
1165 piezoelectric tweeter (400 watts RMS, 1.8 – 30 kHz) and a piezoelectric screw-on horn
driver (100 watts RMS, 1.8 – 30 kHz) with a compatible horn lense; however, data was not
reported from the later horn driver due to its poor performance. A membrane to support the bulk
powder was positioned over the speaker. The speaker and support membrane were sealed to
the ADAGE using custom fabricated rubber gaskets. These gaskets were positioned between
the speaker and membrane and between the membrane and mounting plate B. The speaker,
support membrane, and gaskets were sealed to the ADAGE using the speaker mounting plate
A. The speaker was powered using a frequency generator (GW Instek, SFG-1013) and an
amplifier (Audiobahn, A4002J). HEPA filtered nitrogen was supplied to the ADAGE through the
air line connection and dispersed through its plenum. The nitrogen served to carry aerosolized
powder particles out of the ADAGE.
The Powerline tweeter was tested at 1, 4, 8, and 16 kHz for maximum output. The
speaker was mounted to the ADAGE and a calibrated sound pressure level (SPL) meter/octave
band analyzer (Quest Technologies 1900/OB-100) was positioned in front of the speaker. The
desired frequency was set using the frequency generator and the octave band analyzer was set
to that frequency. The amplitude was increased until the meter recorded a maximum reading.
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Figure 9: Diagram of the acoustic dry aerosol generator elutriator
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Figure 10: Cross-sectional view of the acoustic dry aerosol generator elutriator
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Figure 11: Three-dimensional view of the acoustic dry aerosol generator elutriator

Measurements were made at, above, and below each of the desired frequencies using the
octave band analyzer. The speaker was then tested at full power over the course of
approximately 30 min using just the SPL meter. The desired frequency was set and the
amplitude was increased until the SPL meter recorded a maximum reading. This reading was
recorded before and after approximately 35 min had elapsed (Table A1 is located in Appendix
C). The amplitude knob on the frequency generator was marked to reflect the general position
where these measurements took place.
The ADAGE was mounted vertically so that it functioned as a vertical elutriator. The
ADAGE was positioned vertically in a wood support frame and supported on the frame with an
adjustable level. The ADAGE was operated with the support membrane horizontally level. The
ADAGE was electrically grounded to prevent static electricity build-up.
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Several different types of support membranes were tested to see if membrane type
resulted in better deagglomeration. The types of support membranes tested included:
aluminum foil (Home 360 and Up & Up brands), wax paper (Cut-Rite), Cling Wrap (Glad), and
Tedlar® films. The support membranes were positioned over the gasket to cover the hole in
mounting plate B. Membranes were placed so that they laid flat and smooth over the hole.
Aluminum foil was also tested after it had been slightly crinkled. The aluminum foil membranes
were grounded to the ADAGE. Support membranes that were not conductive had an aluminum
foil ring placed around their perimeter and the aluminum foil ring was grounded to the ADAGE.
This was an attempt to limit static build-up on the membrane.
The ADAGE was operated using several different frequencies; only sine waves were
generated. Support membranes were tested at these frequencies to see if higher frequencies
resulted in better deagglomeration. Tedlar® film was tested at 7, 9, 11, 12, and 13 kHz.
Approximately 2 mg of aluminum oxide powder (20 nm, SkySpring Nanomaterials, 1330DL) was
placed on top of the Tedlar® membrane. Approximately 95% of the maximum speaker output
was applied to the speaker and a sample was collected for approximately 80 min. The Tedlar®
membrane was cleaned with soap and distilled water and the process was repeated at a
different frequency. Aluminum foil, wax paper, and cling wrap were tested at frequencies of 1,
5, 10, and 15 kHz. Approximately the same amount of aluminum oxide powder (20 nm,
SkySpring Nanomaterials, 1330DL) was place on top of the membrane to start each run.
Approximately 95% of the maximum speaker output was applied to the speaker and a sample
was collected for approximately 3.25 hours. A similar bolus of aluminum oxide powder was
added to the top of the membrane every 20 min throughout the sample period. Sample
collection was paused during the re-application of the powder. Each membrane was tested at
each frequency in this manner. New aluminum foil, wax paper, and cling wrap membranes
were used for each run.
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HEPA filtered nitrogen was introduced into the ADAGE at a flow rate of approximately
1.2 L/min. This flow rate provided an internal velocity profile of 0.44 centimeters per second
(cm/sec). The terminal settling velocity of a 6 µm aluminum oxide particle in nitrogen was
calculated to be 0.44 cm/sec. Therefore, aluminum oxide particles greater than 6 µm should not
have been carried out of the ADAGE.
Sampling
The aerosol was sampled directly from the top port of the ADAGE since the output was
less than expected. A 25 mm, three-piece conductive filter cassette (Nuclepore, Corp.) with a
PVP-free, 0.2 µm, 25 mm PCMs (Sterlitech) was loosely fitted over the port. A 37 mm collar
was positioned around the port and cassette so as to create a barrier. The PCM filters were
operated at approximately 0.95 L/min. The higher ADAGE flow rate and the collar prevented
outside contamination from being collected on the PCM filter.
Analysis
The PCM samples were examined using SEM. Prior to SEM examination, the samples
were sputter coated using gold/palladium at 50 mA for one minute. SEM micrographs of the
aluminum oxide particles on the PCM were taken using a calibrated JOEL JSM6490 SEM. The
SEM parameters were: 30 keV, 12 mm working distance, and a spot size of 30. The
micrographs were imaged using secondary electrons. Micrographs were taken at several
magnifications to provide a range of particle sizes. Micrographs were taken at 1, 2.5, 5, 10, and
60 kX for each membrane and frequency condition. A micrograph of a randomly selected field
of view was captured at 1 kX. Micrographs of increasing magnification were made within this
field of view focusing on clusters of agglomerates. Micrographs were qualitatively evaluated for
general agglomerate size and concentration. Each membrane type was qualitatively evaluated
with respect to the frequency used in the generation. Membranes were qualitatively evaluated
with respect to each other. General patterns of agglomerate size and concentration were
visualized accordingly.
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RESULTS
Nanoparticles from solutions and suspensions
Chamber Performance
The sampling chamber was evaluated for leaks (McClellan and Henderson, 1995) and
found to have a decay constant equal to -0.008 min-1. Table 1 shows the data from the leak
test, performed under negative pressure, showing the pressure readings at elapsed intervals of
time. Figure 12 shows the decay curve and the resulting exponential function. The chamber
internal volume was calculated to be approximately 117 liters. Therefore, the chamber had an
approximate leak rate of 1.2 milliliters per minute under typical experimental operating
conditions of -0.5 inches of water chamber pressure, a chamber flow rate of approximately 40
L/min, and NTP. The leak rate represented less than 0.01% of the sampling chamber flow rate.
Colored smoke was used to qualitatively evaluate the distribution of the aerosol as it was
introduced into the sampling chamber under experimental operating conditions. Several runs
visually indicated acceptable mixing and distribution within the chamber. A white piece of cloth
Table 1: Sample chamber leak test data as a function of time and pressure

Time at Pressure
0 sec
6 min 31 sec
27 min 55 sec
51 min 0 sec
66 min 0 sec
85 min 30 sec
2 hours 11 min
2 hours 56 min
3 hours 52 min

Time in Minutes
0.0
6.5
27.9
51.0
66.0
85.5
131.0
176.0
232.0
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Negative Inches of Water
5
4.6
4
3.4
3
2.6
1.7
1.2
0.8

Pressure, Negative Inches of Water

6
5

y = 4.9926e-0.008x

4
3
2
1
0
0.0

50.0

100.0

150.0

200.0

250.0

Elasped Time, Min
Figure 12: Pressure-time curve for the sample chamber. The graph shows the leak rate of the sample chamber
as a function in the reduction of negative pressure inside the chamber and elapsed time.

placed over the lower diffusion grating was used to capture the stain of the smoke in one of the
runs. Several pieces of tape placed on top of the cloth prevented the smoke from staining the
cloth.
Figure 13 shows the staining pattern of the smoke on the cloth relative to its position in
the sample chamber. The arrows indicate where the tape was placed and where the stain is
absent. A close inspection reveals relatively even staining of the cloth.
Salt Nano-Crystals
The sodium chloride aerosol was characterized using two different methods, namely
SEM and SMPS. The SMPS characterized the airborne aerosol and the SEM characterization
required that the samples be sputter coated which added a thin layer of gold-palladium to the
particle. The SEM micrographs of the salt crystals also had an edge effect that added additional
measurement error. This was mentioned before. It was stated that the Porton graticule was
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Figure 13: Smoke staining pattern inside the sample chamber. The photograph shows the smoke stain on the
cloth placed inside the chamber. The top of the picture indicates the orientation of the cloth inside the chamber
and the arrows indicate areas where the stain is absent.

calibrated with measurements made using TEM; circle # 8 was calibrated “using the CMD of
TEMAS 220 nm uncoated PSLSs.” The calibration procedure is discussed in more detail below.
Tables 2, 3, and 4 show the distributions obtained by characterizing micrographs of salt
crystals from run 4. The salt crystals are characterized using the methods described in
“Sampling and Analysis” of salt nano-crystals from a sodium chloride solution. The cumulative
contributions (i.e. frequencies) of the distributions are the same for the three distributions. The
intervals are different because of the way the Porton graticule is calibrated. The distributions
are different only due to the size that circle #8 (circle # 8 is bolded) of the Porton graticule is
made to equal. Figure 14 shows the distributions of Tables 2, 3, and 4 obtained by plotting the
cumulative percent as a function of the upper size interval. Line 1 represents the distribution
obtained when the Porton graticule is calibrated with a PSLS measured using SEM, as shown in
Figure 15. Line 1 is obtained when circle # 8 of the Porton graticule is made to equal 243 nm
SEMAS. Line 2 represents the distribution obtained when the Porton graticule is calibrated with
a sputter coated PSLS measured using TEM. Line 2 is obtained when circle # 8 of the Proton
Graticule is made to equal 207.9 nm TEMAS. The CMD of sputter coated 220 nm PSLSs is
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207.9 nm TEMAS, as discussed below. Line 3 represents the distribution obtained when the
Porton graticule is calibrated with an uncoated PSLS measured using TEM. Line 3 is obtained
when circle # 8 of the Proton Graticule is made to equal 192.5 nm TEMAS. The CMD of
uncoated 220 nm PSLSs is 192.5 nm TEMAS, also discussed below. All subsequent
distributions of salt crystal characterization (i.e. Runs 1 – 10) are corrected for SEM
measurement error, sputter coating thickness, and edge effects by calibrating the Porton
graticule circle # 8 using the CMD of TEMAS 220 nm uncoated PSLSs.
Table 2: Salt crystal distribution data (Run 4)
determined using a PSLS measured by SEM. The
Porton Graticule is calibrated using a sputter
coated PSLS measured using SEM, i.e. SEMAS.

Table 3: Salt crystal distribution data (Run 4)
determined using a PSLS measured by TEM.
The Porton Graticule is calibrated using a sputter
coated PSLS measured using TEM, i.e. TEMAS.

Cumulative
Size Interval,
Frequency Percent
Percent
nm
22.2 30.4
35
3.2
3.2
30.5 43.0
153
14.0
17.2
43.1 60.8
371
34.0
51.2
60.9 85.9
318
29.1
80.4
86.0 121.5
100
9.2
89.6
121.6 171.8
52
4.8
94.3
171.9 243.0
43
3.9
98.3
243.1 343.7
19
1.7
100.0
Total
1091

Cumulative
Size Interval,
Frequency Percent
Percent
nm
18.5 26.0
35
3.2
3.2
26.1 36.8
153
14.0
17.2
36.9 52.0
371
34.0
51.2
52.1 73.5
318
29.1
80.4
73.6 104.0
100
9.2
89.6
104.1 147.0
52
4.8
94.3
147.1 207.9
43
3.9
98.3
208.0 294.0
19
1.7
100.0
Total
1091

Table 4: Salt crystal distribution data (Run 4)
determined using an uncoated PSLS measured by
TEM. The Porton Graticule is calibrated using a
PSLS, without any sputter coating, measured
using TEM, i.e. TEMAS.

Cumulative
Size Interval,
Frequency Percent
Percent
nm
17.1 24.1
35
3.2
3.2
24.2 34.0
153
14.0
17.2
34.1 48.1
371
34.0
51.2
48.2 68.1
318
29.1
80.4
68.2 96.3
100
9.2
89.6
96.4 136.1
52
4.8
94.3
136.2 192.5
43
3.9
98.3
192.6 272.2
19
1.7
100.0
Total
1091
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Figure 14: The distributions obtained by plotting the cumulative percent as a function of the upper size interval
from Tables 2, 3, and 4. The data is from Run 4 and the cumulative contributions are the same. The
distributions are different due to the method used to calibrate the Porton graticule. Line 1 is obtained when the
graticule is calibrated using a sputter coated PSLS measured using SEM. Line 2 is obtained when the graticule
is calibrated using a sputter coated PSLS measured using TEM. Line 3 is obtained when the graticule is
calibrated using an uncoated PSLS measured using TEM.

Figure 15: Calibration of the Porton graticule using a PSLS measured using SEM
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Table 5 shows the frequencies and percents within each size interval for the SEM and
SMPS characterized sodium chloride aerosol runs, as well as their cumulative distributions.
The cumulative percent versus the upper size interval of the distributions, with respect to their
run, are graphed in Figures 16 – 25. The “lines of fit” in Figures 16 – 25 were used to determine
the values presented in Table 6. Table 6 shows the CMDs and the GSDs of the distributions.
Table 6 also shows the differences in diameters at the CMD between the SEM and SMPS
characterized sodium chloride aerosol runs and the differences at ± 1 GSD, which are the
valves at the 16% and 84% diameters.
Table 5: Summary of salt crystal distribution data. The tables reflect the size intervals, their respective
frequencies, and the cumulative distributions obtained during runs 1 – 10 using SEM and SMPS to characterize
the salt crystal aerosol.

Run 1 - High Aerosol Concentration
SEM
Cumulative
Size Interval,
Frequency Percent
Percent
nm
17.1 24.1
100
7.4
7.4
24.2 34.0
236
17.5
24.9
34.1 48.1
326
24.2
49.1
48.2 68.1
406
30.1
79.2
68.2 96.3
113
8.4
87.5
96.4 136.1
75
5.6
93.1
136.2 192.5
68
5.0
98.1
192.6 272.2
25
1.9
100.0
Total
1349

SMPS
Cumulative
Size Interval,
Frequency Percent
Percent
nm
15.3 25.3
8468502
20.1
20.1
25.4 36.2 10148606
24.1
44.3
36.3 50.1
9520158
22.6
66.9
50.2 71.7
8029199
19.1
86.0
71.8 102.8 4185720
9.9
95.9
102.9 142.1 1312914
3.1
99.0
142.2 203.7
341138
0.8
99.9
203.8 312.0
62533
0.1
100.0
Total 42068772

Run 2 - High Aerosol Concentration
SEM

SMPS

Cumulative
Size Interval,
Frequency Percent
Percent
nm
17.1 24.1
56
5.1
5.1
24.2 34.0
116
10.5
15.6
34.1 48.1
330
29.9
45.5
48.2 68.1
338
30.6
76.1
68.2 96.3
110
10.0
86.1
96.4 136.1
84
7.6
93.7
136.2 192.5
49
4.4
98.1
192.6 272.2
21
1.9
100.0
Total
1104

Cumulative
Size Interval,
Frequency Percent
Percent
nm
15.3 25.3
5577535
14.8
14.8
25.4 36.2
8574525
22.8
37.6
36.3 50.1
9206246
24.4
62.0
50.2 71.7
8251399
21.9
83.9
71.8 102.8 4427741
11.8
95.7
102.9 142.1 1293291
3.4
99.1
142.2 203.7
287006
0.8
99.9
203.8 312.0
42305
0.1
100.0
Total 37660047
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Table 5: continued summary of salt crystal distribution data

Run 3 - High Aerosol Concentration
SEM

SMPS

Size Interval,
Cumulative
Frequency Percent
nm
Percent
17.1 24.1
70
6.0
6.0
24.2 34.0
170
14.6
20.7
34.1 48.1
357
30.7
51.4
48.2 68.1
326
28.1
79.5
68.2 96.3
106
9.1
88.6
96.4 136.1
62
5.3
94.0
136.2 192.5
47
4.0
98.0
192.6 272.2
23
2.0
100.0
Total
1161

Size Interval,
nm
15.3 25.3
25.4 36.2
36.3 50.1
50.2 71.7
71.8 102.8
102.9 142.1
142.2 203.7
203.8 312.0
Total

Frequency Percent
11909393
16093042
16152085
13830225
7654174
2148236
471154
64203
68322511

17.4
23.6
23.6
20.2
11.2
3.1
0.7
0.1

Cumulative
Percent
17.4
41.0
64.6
84.9
96.1
99.2
99.9
100.0

Run 4 - High Aerosol Concentration
SEM

SMPS

Size Interval,
Cumulative
Frequency Percent
nm
Percent
17.1 24.1
35
3.2
3.2
24.2 34.0
153
14.0
17.2
34.1 48.1
371
34.0
51.2
48.2 68.1
318
29.1
80.4
68.2 96.3
100
9.2
89.6
96.4 136.1
52
4.8
94.3
136.2 192.5
43
3.9
98.3
192.6 272.2
19
1.7
100.0
Total
1091

Size Interval,
nm
15.3 25.3
25.4 36.2
36.3 50.1
50.2 71.7
71.8 102.8
102.9 142.1
142.2 203.7
203.8 312.0
Total

Frequency Percent
17900707
23575729
22780139
19355646
9650268
2514310
519796
64090
96360686

18.6
24.5
23.6
20.1
10.0
2.6
0.5
0.1

Cumulative
Percent
18.6
43.0
66.7
86.8
96.8
99.4
99.9
100.0

Run 5 - High Aerosol Concentration
SEM
Size Interval,
Cumulative
Frequency Percent
nm
Percent
17.1 24.1
57
6.3
6.3
24.2 34.0
145
16.0
22.2
34.1 48.1
273
30.0
52.3
48.2 68.1
272
29.9
82.2
68.2 96.3
73
8.0
90.2
96.4 136.1
48
5.3
95.5
136.2 192.5
30
3.3
98.8
192.6 272.2
11
1.2
100.0
Total
909

SMPS
Size Interval,
nm
15.3 25.3
25.4 36.2
36.3 50.1
50.2 71.7
71.8 102.8
102.9 142.1
142.2 203.7
203.8 312.0
Total
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Frequency Percent
14440662
17469136
16819175
14718637
8051614
2701093
776030
156279
75132624

19.2
23.3
22.4
19.6
10.7
3.6
1.0
0.2

Cumulative
Percent
19.2
42.5
64.9
84.4
95.2
98.8
99.8
100.0

Table 5: continued summary of salt crystal distribution data

Run 6 - High Aerosol Concentration
SMPS

SEM
Cumulative
Size Interval,
Frequency Percent
Percent
nm
17.1 24.1
70
8.7
8.7
24.2 34.0
124
15.4
24.1
34.1 48.1
223
27.7
51.9
48.2 68.1
225
28.0
79.9
68.2 96.3
80
10.0
89.8
96.4 136.1
37
4.6
94.4
136.2 192.5
32
4.0
98.4
192.6 272.2
13
1.6
100.0
Total
804

Size Interval,
nm
15.3 25.3
25.4 36.2
36.3 50.1
50.2 71.7
71.8 102.8
102.9 142.1
142.2 203.7
203.8 312.0
Total

Frequency Percent
14018086
16766064
15716903
13790264
7662428
2700429
825891
175827
71655892

19.6
23.4
21.9
19.2
10.7
3.8
1.2
0.2

Cumulative
Percent
19.6
43.0
64.9
84.1
94.8
98.6
99.8
100.0

Run 7 - Low Aerosol Concentration
SEM

SMPS

Cumulative
Size Interval,
Frequency Percent
Percent
nm
17.1 24.1
19
1.9
1.9
24.2 34.0
87
8.8
10.8
34.1 48.1
291
29.5
40.3
48.2 68.1
315
32.0
72.3
68.2 96.3
109
11.1
83.4
96.4 136.1
81
8.2
91.6
136.2 192.5
55
5.6
97.2
192.6 272.2
28
2.8
100.0
Total
985

Size Interval,
nm
15.3 25.3
25.4 36.2
36.3 50.1
50.2 71.7
71.8 102.8
102.9 142.1
142.2 203.7
203.8 312.0
Total

Frequency Percent
12277686
17474040
18891444
17156212
8426180
2015652
351497
34144
76626854

16.0
22.8
24.7
22.4
11.0
2.6
0.5
0.0

Cumulative
Percent
16.0
38.8
63.5
85.9
96.9
99.5
100.0
100.0

Run 8 - Low Aerosol Concentration
SEM
Cumulative
Size Interval,
Frequency Percent
Percent
nm
17.1 24.1
40
3.0
3.0
24.2 34.0
240
18.2
21.3
34.1 48.1
379
28.8
50.0
48.2 68.1
357
27.1
77.1
68.2 96.3
131
9.9
87.1
96.4 136.1
93
7.1
94.2
136.2 192.5
48
3.6
97.8
192.6 272.2
29
2.2
100.0
Total
1317

SMPS
Size Interval,
nm
15.3 25.3
25.4 36.2
36.3 50.1
50.2 71.7
71.8 102.8
102.9 142.1
142.2 203.7
203.8 312.0
Total

50

Frequency Percent
14009144
19844313
21129990
18657667
8425018
1679158
222722
15525
83983536

16.7
23.6
25.2
22.2
10.0
2.0
0.3
0.0

Cumulative
Percent
16.7
40.3
65.5
87.7
97.7
99.7
100.0
100.0

Table 5: continued summary of salt crystal distribution data

Run 9 - Low Aerosol Concentration
SEM

SMPS

Size Interval,
Cumulative
Frequency Percent
nm
Percent
17.1 24.1
62
5.9
5.9
24.2 34.0
146
13.9
19.8
34.1 48.1
261
24.8
44.6
48.2 68.1
312
29.7
74.3
68.2 96.3
111
10.6
84.9
96.4 136.1
69
6.6
91.4
136.2 192.5
48
4.6
96.0
192.6 272.2
42
4.0
100.0
Total
1051

Size Interval,
nm
15.3 25.3
25.4 36.2
36.3 50.1
50.2 71.7
71.8 102.8
102.9 142.1
142.2 203.7
203.8 312.0
Total

Frequency Percent
13600139
19790815
21111365
19136653
9029899
2065094
330123
24697
85088785

16.0
23.3
24.8
22.5
10.6
2.4
0.4
0.0

Cumulative
Percent
16.0
39.2
64.1
86.5
97.2
99.6
100.0
100.0

Run 10 - Low Aerosol Concentration
SEM
Size Interval,
Cumulative
Frequency Percent
nm
Percent
17.1 24.1
85
8.3
8.3
24.2 34.0
149
14.5
22.7
34.1 48.1
241
23.4
46.2
48.2 68.1
307
29.8
76.0
68.2 96.3
91
8.8
84.8
96.4 136.1
89
8.6
93.5
136.2 192.5
46
4.5
98.0
192.6 272.2
21
2.0
100.0
Total
1029

SMPS
Size Interval,
nm
15.3 25.3
25.4 36.2
36.3 50.1
50.2 71.7
71.8 102.8
102.9 142.1
142.2 203.7
203.8 312.0
Total

Frequency Percent
13256210
18454529
19648372
18006529
9392051
2473761
484641
49941
81766032

16.2
22.6
24.0
22.0
11.5
3.0
0.6
0.1

Cumulative
Percent
16.2
38.8
62.8
84.8
96.3
99.3
99.9
100.0

The first run was conducted at a high sodium chloride aerosol concentration. CPC
measurements yielded seven five-minute averages that ranged from 60,400 – 71,800 particles
cm-3. The overall average aerosol concentration during sample collection was 67,343 particles
cm-3. CPC data, SMPS data, and PCM filter samples were collected simultaneously. SEM
imaging of the PCM yielded fifty-two SEM micrographs that resulted in 1349 characterized salt
crystals, Table 5. The distribution obtained by SEM had a CMD of 51.6 nm and a GSD of 1.81,
shown in Table 6. The CMD of the SMPS derived distribution was 40.1 nm. The SMPS
distribution had a GSD of 1.73.
The distributions from run 1 are graphed in figure 16. The lines of fit appear roughly
parallel. Table 6 shows the differences in the distributions at the 16%, 50%, and 84%
diameters. The difference between the CMDs of the two measurement techniques is 11.5 nm.
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Figure 16: Run 1 - High aerosol concentration characterization by SEM and SMPS. The graph represents the
distribution of the sodium chloride aerosol obtained using SEM and SMPS during run 1.

Figure 17: Run 2 - High aerosol concentration characterization by SEM and SMPS. The graph represents the
distribution of the sodium chloride aerosol obtained using SEM and SMPS during run 2.
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Figure 18: Run 3 - High aerosol concentration characterization by SEM and SMPS. The graph represents the
distribution of the sodium chloride aerosol obtained using SEM and SMPS during run 3.

Figure 19: Run 4 - High aerosol concentration characterization by SEM and SMPS. The graph represents the
distribution of the sodium chloride aerosol obtained using SEM and SMPS during run 4.
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Figure 20: Run 5 - High aerosol concentration characterization by SEM and SMPS. The graph represents the
distribution of the sodium chloride aerosol obtained using SEM and SMPS during run 5.

Figure 21: Run 6 - High aerosol concentration characterization by SEM and SMPS. The graph represents the
distribution of the sodium chloride aerosol obtained using SEM and SMPS during run 6.
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Figure 22: Run 7 - Low aerosol concentration characterization by SEM and SMPS. The graph represents the
distribution of the sodium chloride aerosol obtained using SEM and SMPS during run 7.

Figure 23: Run 8 - Low aerosol concentration characterization by SEM and SMPS. The graph represents the
distribution of the sodium chloride aerosol obtained using SEM and SMPS during run 8.
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Figure 24: Run 9 - Low aerosol concentration characterization by SEM and SMPS. The graph represents the
distribution of the sodium chloride aerosol obtained using SEM and SMPS during run 9.

Figure 25: Run 10 - Low aerosol concentration characterization by SEM and SMPS. The graph represents the
distribution of the sodium chloride aerosol obtained using SEM and SMPS during run 10.
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Table 6: Data points derived from figures 16 – 25 and their distributional differences with respect to the method of
aerosol characterization

Run
1
2
3
4
5
6
7
8
9
10

Characterization
Technique
SEM
SMPS
SEM
SMPS
SEM
SMPS
SEM
SMPS
SEM
SMPS
SEM
SMPS
SEM
SMPS
SEM
SMPS
SEM
SMPS
SEM
SMPS

Diameters (nm) at
16%
28.6
23.1
32.2
25.7
29.9
24.4
33
24.2
29.1
23.1
27.4
23
37.3
26
32.4
25.8
31
26.1
28.7
25.5

50%
51.6
40.1
55.6
43
52.6
41.6
55.1
40.4
50
40.8
50
40.7
62.3
41.9
55.6
41
56.7
41.8
52.4
42.2

84%
93.6
69.3
96.1
71.8
91.9
69.3
92.3
66.9
86.4
71.2
89.5
71.7
103.2
67.5
94.4
64.5
104.1
66.7
95.2
68.6

GSD
1.81
1.73
1.73
1.67
1.75
1.69
1.67
1.66
1.72
1.76
1.81
1.77
1.66
1.61
1.71
1.58
1.83
1.60
1.82
1.64

Differences between
Technique, nm
16%
50%
84%
5.5

11.5

24.3

6.5

12.6

24.3

5.5

11

22.6

8.8

14.7

25.4

6

9.2

15.2

4.4

9.3

17.8

11.3

20.4

35.7

6.6

14.6

29.9

4.9

14.9

37.4

3.2

10.2

26.6

The percent difference between the CMDs of the two measurement techniques is 25.1%. The
differences between the two distributions at ± 1 GSD are 24.3 and 5.5 nm, respectively.
The second run was conducted at a high sodium chloride aerosol concentration. CPC
measurements yielded six five-minute averages that ranged from 66,600 to 76,000 particles
cm-3. The overall average aerosol concentration during sample collection was 72,667 particles
cm-3. CPC data, SMPS data, and PCM filter samples were collected simultaneously. SEM
imaging of the PCM yielded forty-three SEM micrographs that resulted in 1104 characterized
salt crystals. The CMD of the SEM sized distribution was 55.6 nm. The distribution had a GSD
of 1.73. The distribution obtained by SMPS had a CMD of 43 nm and a GSD of 1.67.
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The distributions from run 2 are graphed in figure 17. The lines of fit appear roughly
parallel. The difference between the CMDs of the two measurement techniques is 12.6 nm.
The percent difference between the CMDs of the two measurement techniques is 25.6%. The
differences between the two distributions at ± 1 GSD are 24.3 and 6.5 nm, respectively.
Run three was conducted at a high sodium chloride aerosol concentration. CPC
measurements yielded six five-minute averages that ranged from 55,600 to 76,500 particles
cm-3. The overall average aerosol concentration during sample collection was 64,283 particles
cm-3. CPC data, SMPS data, and PCM filter samples were collected simultaneously. SEM
imaging of the PCM yielded forty-one SEM micrographs that resulted in 1161 characterized salt
crystals. The CMD of the SEM sized distribution was 52.6 nm. The distribution had a GSD of
1.75. The distribution obtained by SMPS had a CMD of 41.6 nm and a GSD of 1.69.
The distributions from run 3 are graphed in figure 18. The lines of fit appear roughly
parallel. The difference between the CMDs of the two measurement techniques is 11 nm. The
percent difference between the CMDs of the two measurement techniques is 23.4%. The
differences between the two distributions at ± 1 GSD are 22.6 and 5.5 nm, respectively.
Run four was conducted at a high sodium chloride aerosol concentration. CPC
measurements yielded six five-minute averages that ranged from 81,200 to 91,900 particles
cm-3. The overall average aerosol concentration during sample collection was 86,333 particles
cm-3. CPC data, SMPS data, and PCM filter samples were collected simultaneously. SEM
imaging of the PCM yielded fifty-three SEM micrographs that resulted in 1091 characterized salt
crystals. The CMD of the SEM sized distribution was 55.1nm. The distribution had a GSD of
1.67. The distribution obtained by SMPS had a CMD of 40.4 nm and a GSD of 1.66.
The distributions from run 4 are graphed in figure 19. The lines of fit appear roughly
parallel. The difference between the CMDs of the two measurement techniques is 14.7 nm.
The percent difference between the CMDs of the two measurement techniques is 30.8%. The
differences between the two distributions at ± 1 GSD are 25.4 and 8.8 nm, respectively.
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Run five was conducted at a high sodium chloride aerosol concentration. CPC
measurements yielded six five-minute averages that ranged from 71,100 to 81,200 particles
cm-3. The overall average aerosol concentration during sample collection was 75,417 particles
cm-3. CPC data, SMPS data, and PCM filter samples were collected simultaneously. SEM
imaging of the PCM yielded forty-one SEM micrographs that resulted in 909 characterized salt
crystals. The CMD of the SEM sized distribution was 50 nm. The distribution had a GSD of
1.72. The distribution obtained by SMPS had a CMD of 40.8 nm and a GSD of 1.76.
The distributions from run 5 are graphed in figure 20. The lines of fit appear roughly
parallel. The difference between the CMDs of the two measurement techniques is 9.2 nm. The
percent difference between the CMDs of the two measurement techniques is 20.3%. The
differences between the two distributions at ± 1 GSD are 15.2 and 6 nm, respectively.
Run six was conducted at a high sodium chloride aerosol concentration. CPC
measurements yielded six five-minute averages that ranged from 68,200 to 74,100 particles
cm-3. The overall average aerosol concentration during sample collection was 70,483 particles
cm-3. CPC data, SMPS data, and PCM filter samples were collected simultaneously. SEM
imaging of the PCM yielded forty-three SEM micrographs that resulted in 804 characterized salt
crystals. The CMD of the SEM sized distribution was 50 nm. The distribution had a GSD of
1.81. The distribution obtained by SMPS had a CMD of 40.7 nm and a GSD of 1.77.
The distributions from run 6 are graphed in figure 21. The lines of fit appear roughly
parallel. The difference between the CMDs of the two measurement techniques is 9.3 nm. The
percent difference between the CMDs of the two measurement techniques is 20.5%. The
differences between the two distributions at ± 1 GSD are 17.8 and 4.4 nm, respectively.
Run seven was conducted at a low sodium chloride aerosol concentration. CPC
measurements yielded nineteen five-minute averages that ranged from 8,800 to 25,500
particles cm-3. The overall average aerosol concentration during sample collection was 18,357
particles cm-3. CPC data, SMPS data, and PCM filter samples were collected simultaneously.
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SEM imaging of the PCM yielded forty-three SEM micrographs that resulted in 985
characterized salt crystals. The CMD of the SEM sized distribution was 62.3 nm. The
distribution had a GSD of 1.66. The distribution obtained by SMPS had a CMD of 41.9 nm and
a GSD of 1.61.
The distributions from run 7 are graphed in figure 22. The lines of fit appear roughly
parallel. The difference between the CMDs of the two measurement techniques is 20.4 nm.
The percent difference between the CMDs of the two measurement techniques is 39.2%. The
differences between the two distributions at ± 1 GSD are 35.7 and 11.3 nm, respectively.
Run eight was conducted at a low sodium chloride aerosol concentration. CPC
measurements yielded twenty-four five-minute averages that ranged from 4,460 to 32,600
particles cm-3. The overall average aerosol concentration during sample collection was 19,823
particles cm-3. CPC data, SMPS data, and PCM filter samples were collected simultaneously.
SEM imaging of the PCM yielded forty-nine SEM micrographs that resulted in 1317
characterized salt crystals. The CMD of the SEM sized distribution was 55.6 nm. The
distribution had a GSD of 1.71. The distribution obtained by SMPS had a CMD of 41 nm and a
GSD of 1.58.
The distributions from run 8 are graphed in figure 23. The lines of fit appear roughly
parallel. The difference between the CMDs of the two measurement techniques is 14.6 nm.
The percent difference between the CMDs of the two measurement techniques is 30.2%. The
differences between the two distributions at ± 1 GSD are 29.9 and 6.6 nm, respectively.
Run nine was conducted at a low sodium chloride aerosol concentration. CPC
measurements yielded twenty five-minute averages that ranged from 12,000 to 28,500 particles
cm-3. The overall average aerosol concentration during sample collection was 21,145 particles
cm-3. CPC data, SMPS data, and PCM filter samples were collected simultaneously. SEM
imaging of the PCM yielded forty-two SEM micrographs that resulted in 1051 characterized salt
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crystals. The CMD of the SEM sized distribution was 56.7 nm. The distribution had a GSD of
1.83. The distribution obtained by SMPS had a CMD of 41.8 nm and a GSD of 1.60.
The distributions from run 9 are graphed in figure 24. The lines of fit appear roughly
parallel. The difference between the CMDs of the two measurement techniques is 14.9 nm.
The percent difference between the CMDs of the two measurement techniques is 30.3%. The
differences between the two distributions at ± 1 GSD are 37.4 and 4.9 nm, respectively.
Run ten was conducted at a low sodium chloride aerosol concentration. CPC
measurements yielded twenty-five five-minute averages that ranged from 16,300 to 27,900
particles cm-3. The overall average aerosol concentration during sample collection was 21,348
particles cm-3. CPC data, SMPS data, and PCM filter samples were collected simultaneously.
SEM imaging of the PCM yielded forty-three SEM micrographs that resulted in 1029
characterized salt crystals. The CMD of the SEM sized distribution was 52.4 nm. The
distribution had a GSD of 1.82. The distribution obtained by SMPS had a CMD of 42.2 nm and
a GSD of 1.64.
The distributions from run 10 are graphed in figure 25. The lines of fit appear roughly
parallel. The difference between the CMDs of the two measurement techniques is 10.2 nm.
The percent difference between the CMDs of the two measurement techniques is 21.6%. The
differences between the two distributions at ± 1 GSD are 26.6 and 3.2 nm, respectively.
The distributions of the two measurement techniques obtained during high aerosol
concentration runs are graphed in Figure 26. The lines of fit within each measurement
technique are roughly parallel. The lines of fit within each measurement technique do not
appear to have any patterns of convergence.
The distributions of the two measurement techniques obtained during low aerosol
concentration runs are graphed in Figure 27. The lines of fit for the SEM derived distributions
are less parallel than in Figure 26. The SEM lines of fit appear to have more variability;
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Figure 26: Distributions obtained during high sodium chloride aerosol concentration runs using both
characterization techniques. The graph shows the SEM and SMPS distributions obtained during runs 1 – 6.

Figure 27: Distributions obtained during low sodium chloride aerosol concentration runs using both
characterization techniques. The graph shows the SEM and SMPS distributions obtained during runs 7 – 10.
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whereas, the SMPS derived distributions appear to converge at a 40% diameter of
approximately 37 nm.
Polystyrene Latex Spheres
Four different sizes of PSLS were measured using TEM before and after sputter coating.
Tables 7 – 14 show the frequencies and percents within each size interval for the uncoated and
sputter coated PSLSs, as well as their cumulative distributions. The beginning of the first
interval indicates the approximate minimum diameter within +0.9 nm of each PSLS distribution,
respectively. The end of the largest interval indicates the approximate maximum diameter
within -3.9 nm of each PSLS distribution, respectively. The cumulative percent versus the upper
size interval of the distributions are graphed in Figures 28 – 31. The “lines of fit” in Figures 28 –
31 were used to determine the values presented in Table 15. Table 15 shows the CMDs and
the GSDs of the distributions including the values ± 1 GSD. Table 15 also shows the
differences in diameters at the CMD and the CMD ±1 GSD that represent the sputter coating
thickness for each PSLS size.
Table 7: Summary of uncoated 57 nm PSLS
measurements determined using TEM

Table 8: Summary of sputter coated 57 nm PSLS
measurements determined using TEM

Size Interval,
Cumulative
Frequency Percent
nm
Percent

Size Interval,
Cumulative
Frequency Percent
nm
Percent

37.0
41.0
45.0
49.0
53.0
57.0
61.0

51.0
55.0
59.0
63.0
67.0
71.0
75.0
79.0

40.9
44.9
48.9
52.9
56.9
60.9
64.9
Total

2
9
7
34
49
36
2
139

1.4
6.5
5.0
24.5
35.3
25.9
1.4

1.4
7.9
12.9
37.4
72.7
98.6
100.0

63

54.9
58.9
62.9
66.9
70.9
74.9
78.9
82.9
Total

3
6
11
17
30
43
6
3
119

2.5
5.0
9.2
14.3
25.2
36.1
5.0
2.5

2.5
7.6
16.8
31.1
56.3
92.4
97.5
100.0

Table 9: Summary of uncoated 92 nm PSLS
measurements determined using TEM

Table 10: Summary of sputter coated 92 nm PSLS
measurements determined using TEM

Size Interval,
Cumulative
Frequency Percent
nm
Percent

Size Interval,
Cumulative
Frequency Percent
nm
Percent

56.0
60.0
64.0
68.0
72.0
76.0
80.0
84.0
88.0

78.0
82.0
86.0
90.0
94.0
98.0
102.0
106.0
110.0

59.9
63.9
67.9
71.9
75.9
79.9
83.9
87.9
91.9
Total

4
6
6
11
18
33
28
31
8
145

2.8
4.1
4.1
7.6
12.4
22.8
19.3
21.4
5.5

2.8
6.9
11.0
18.6
31.0
53.8
73.1
94.5
100.0

81.9
85.9
89.9
93.9
97.9
101.9
105.9
109.9
113.9
Total

5
7
7
22
24
19
22
5
2
113

4.4
6.2
6.2
19.5
21.2
16.8
19.5
4.4
1.8

4.4
10.6
16.8
36.3
57.5
74.3
93.8
98.2
100.0

Table 11: Summary of uncoated 147 nm PSLS
measurements determined using TEM

Table 12: Summary of sputter coated 147 nm PSLS
measurements determined using TEM

Size Interval,
Cumulative
Frequency Percent
nm
Percent

Size Interval,
Cumulative
Frequency Percent
nm
Percent

108.0
112.0
116.0
120.0
124.0
128.0
132.0

118.0
122.0
126.0
130.0
134.0
138.0
142.0
146.0

111.9
115.9
119.9
123.9
127.9
131.9
135.9
Total

3
11
26
36
34
20
3
133

2.3
8.3
19.5
27.1
25.6
15.0
2.3

2.3
10.5
30.1
57.1
82.7
97.7
100.0

121.9
125.9
129.9
133.9
137.9
141.9
145.9
149.9
Total

1
3
6
5
19
40
32
8
114

0.9
2.6
5.3
4.4
16.7
35.1
28.1
7.0

0.9
3.5
8.8
13.2
29.8
64.9
93.0
100.0

Table 13: Summary of uncoated 220 nm PSLS
measurements determined using TEM

Table 14: Summary of sputter coated 220 nm PSLS
measurements determined using TEM

Size Interval,
Cumulative
Frequency Percent
nm
Percent

Size Interval,
Cumulative
Frequency Percent
nm
Percent

175.0
179.0
183.0
187.0
191.0
195.0
199.0
203.0
207.0
211.0

187.0
191.0
195.0
199.0
203.0
207.0
211.0
215.0
219.0
223.0

178.9
182.9
186.9
190.9
194.9
198.9
202.9
206.9
210.9
214.9
Total

6
6
14
22
24
33
8
2
6
1
122

4.9
4.9
11.5
18.0
19.7
27.0
6.6
1.6
4.9
0.8

4.9
9.8
21.3
39.3
59.0
86.1
92.6
94.3
99.2
100.0
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190.9
194.9
198.9
202.9
206.9
210.9
214.9
218.9
222.9
226.9
Total

3
5
6
9
23
32
14
10
8
3
113

2.7
4.4
5.3
8.0
20.4
28.3
12.4
8.8
7.1
2.7

2.7
7.1
12.4
20.4
40.7
69.0
81.4
90.3
97.3
100.0

Figure 28: Size distributions of uncoated and sputter coated 57 nm PSLS measured using TEM.

Figure 29: Size distributions of uncoated and sputter coated 92 nm PSLS measured using TEM.
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Figure 30: Size distributions of uncoated and sputter coated 147 nm PSLS measured using TEM.

Figure 31: Size distributions of uncoated and sputter coated 220 nm PSLS measured using TEM.
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Table 15: Distributional diameters of uncoated and sputter coated PSLSs measured using TEM. The table shows
the diameters of uncoated and sputter coated 57 nm, 92 nm, 147 nm, and 220 nm PSLSs, their respective GSDs,
and the differences in sputter coating thickness determined at the CMD and ± 1 GSD.

PSLS Size,
nm
57
92
147
220

Uncoated Diameters,
nm
16%
47.6
69.5
117.1
185

50%
52.2
77.5
122
192.5

84%
57.2
86.5
127.5
200.2

GSD
1.10
1.12
1.04
1.04

Sputter Coated Diameters,
nm
16%
62
88.4
132
199.8

50%
67.9
94.9
138.7
207.9

84%
73.8
102.2
145.3
216.3

GSD
1.09
1.08
1.05
1.04

Coating Thickness,
nm
16%
14.4
18.9
14.9
14.8

50%
15.7
17.4
16.7
15.4

84%
16.6
15.7
17.8
16.1

57 nm PSLS
One-hundred and thirty-nine uncoated 57 nm PSLS were measured using TEM. The
measurements ranged from 37.5 to 64.1 nm TEMAS. The uncoated distribution had a CMD of
52.2 nm and a GSD of 1.10, shown in Table 15. One-hundred and nineteen sputter coated 57
nm PSLS were measured using TEM. The measurements ranged from 51.2 to 81.1 nm
TEMAS. The CMD of the sputter coated distribution was 67.9 nm. The sputter coated
distribution had a GSD of 1.09.
Both distributions are graphed in Figure 28. The lines of fit appear parallel. Table 15
shows the differences between the lines at the 16%, 50%, and 84% diameters. The difference
between the lines is roughly the same. The sputter coating thickness on the 57 nm PSLS was
15.7 nm at the CMD; and 16.6 nm and 14.4 nm at the CMD ± 1 GSD, respectively.
92 nm PSLS
One-hundred and forty-five uncoated 92 nm PSLS were measured using TEM. The
measurements ranged from 56.6 to 91.8 nm TEMAS. The CMD of the distribution was 77.7 nm.
The distribution had a GSD of 1.12. One-hundred and thirteen sputter coated 92 nm PSLS
were measured using TEM. The measurements ranged from 78.4 to 110.2 nm TEMAS. The
sputter coated distribution had a CMD of 94.9 nm and a GSD of 1.08.
Both distributions are graphed in Figure 29. The lines of fit are almost parallel. The
difference between the lines is still roughly the same. The sputter coating thickness on the 92
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nm PSLS was 17.4 nm at the CMD; and 15.7 nm and 18.9 nm at the CMD ± 1 GSD,
respectively.
147 nm PSLS
One-hundred and thirty-three uncoated 147 nm PSLS were measured using TEM. The
measurements ranged from 108.9 to 133.5 nm TEMAS. The CMD of the distribution was 122
nm. The distribution had a GSD of 1.04. One-hundred and fourteen sputter coated 147 nm
PSLS were measured using TEM. The measurements ranged from 118.8 to 148.7 nm TEMAS.
The sputter coated distribution had a CMD of 138.7 nm and a GSD of 1.05.
Both distributions are graphed in Figure 30. The lines of fit appear mostly parallel. The
difference between the lines is roughly the same. The sputter coating thickness on the 147 nm
PSLS was 16.7 nm at the CMD; and 16.1 nm and 14.8 nm at the CMD ± 1 GSD, respectively.
220 nm PSLS
One-hundred and twenty-two uncoated 220 nm PSLS were measured using TEM. The
measurements ranged from 175.9 to 211.3 nm TEMAS. The CMD of the distribution was 192.5
nm. The distribution had a GSD of 1.04. One-hundred and thirteen sputter coated 220 nm
PSLS were measured using TEM. The measurements ranged from 187.3 to 226 nm TEMAS.
The sputter coated distribution had a CMD of 207.9 nm and a GSD of 1.04.
Both distributions are graphed in Figure 31. The lines of fit appear parallel. The
difference between the lines is roughly the same. The sputter coating thickness on the 220 nm
PSLS was 15.4 nm at the CMD; and 16.1 nm and 14.8 nm at the CMD ± 1 GSD, respectively.
Nanoparticles from a bulk powder
Aluminum oxide powder with a manufacturer nominal diameter of 20 nm was
aerosolized using a modified ADAGE. Five different support membranes, Tedlar®, wax paper,
plastic wrap, aluminum foil, and wrinkled aluminum foil were tested at progressively higher
sound frequencies. When wrinkled aluminum foil was tested, the foil fractured along the
wrinkles and undermined the test. Therefore, the results using wrinkled aluminum foil are not
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reported. The aerosol output from the ADAGE was less than anticipated and only a few
hundred counts cm-3 during different runs. Therefore, samples were collected directly from the
ADAGE’s outlet using PCMs. SEM was used to examine the samples; SEM micrographs taken
at 1000X and 2500X magnifications are reported here. With the exception of the Tedlar®
membrane, the higher magnification micrograph was taken within the field of view of the lower
magnification and is indicated with a white frame. Figures 32 – 35 show the micrographs when
a Tedlar® membrane was used as a support for the powder; frequencies of 7, 9, 11, 12, and 13
kHz were used to aerosolize the powder, which was the initial frequencies tested. Figures 36 –
43 show the micrographs when a wax paper membrane was used as a support for the powder.
Figures 44 – 51 show the micrographs when plastic wrap was used as a support for the powder.
Figures 52 – 59 show the micrographs when aluminum foil was used as a support for the
powder. Frequencies of 1, 5, 10, and 15 kHz were used to aerosolize the powder during the
runs with wax paper, plastic wrap, and aluminum foils. In all cases, the frequencies
progressively increased with respect to all membrane types.
Figures 32 – 35 show the micrographs when a Tedlar® membrane is used as a support
for the powder. The observed particles are all agglomerates of more than one particle. Figure
32 was taken at 1000X magnification using a frequency of 7 kHz to aerosolize the powder. A
wide range of agglomerate sizes are shown. The agglomerates are generally larger than 1 µm.
A few smaller agglomerates are apparent and under 1 µm in size. Figure 33 was taken at 2500
X magnification using a frequency of 7 kHz to aerosolize the powder. The figure shows the size
range of the agglomerates with some approaching 200 nm which is also the pore size of the
PCM. Figures 34 and 35 show only one agglomerate in each micrograph both taken at 1000X
magnification and using frequencies of 12 and 13 kHz, respectively, to aerosolize the powder.
The samples, not pictured, collected using frequencies of 9 kHz and 11 kHz to aerosolize the
powder did not present any particles on the PCM when SEM was used to examine the samples.
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Figures 36 – 43 show the micrographs when a wax paper membrane is used as a
support for the powder. The observed particles are all agglomerates of more than one particle.
A wide range of agglomerate sizes are apparent in the figures. It appears that increasing sound
frequencies leads to a general trend of smaller agglomerates. Careful inspection of the figures
appear to reveal that higher percentages of smaller agglomerates are generated at higher
frequencies. Figures 40 and 41 are an exception; however, figure 41 reveals a generally higher
ratio of small agglomerates are generated at a frequency of 10 kHz than at 5 and 1 kHz. It
appears, according to figures 42 and 43, that a 15 kHz frequency generated the smallest
agglomerates. Several of the agglomerates are less than 1 µm with some approaching 200 nm
and less.
Figures 44 – 51 show the micrographs when a plastic wrap membrane is used as a
support for the powder. The observed particles are all agglomerates of more than one particle.
A wide range of agglomerate sizes are apparent in the figures. It appears that increasing sound
frequencies leads to a general trend of smaller agglomerates. Careful inspection of the figures
appear to reveal that higher percentages of smaller agglomerates are generated at higher
frequencies. Figures 46 and 47 are an exception. A very high density of particles are shown on
the membrane. Figure 47, taken at 2500X magnification, reveals a generally higher ratio of
small agglomerates are generated at a frequency of 5 kHz than at 1 kHz. It appears, according
to figures 50 and 51, that a 15 kHz frequency generated the smallest agglomerates. It appears
that all of the agglomerates in figure 51 are less than 5 µm. Several of the agglomerates are
less than 1 µm with some approaching 200 nm and less.
Figures 52 – 59 show the micrographs when an aluminum foil membrane is used as a
support for the powder. The observed particles are all agglomerates of more than one particle.
A wide range of agglomerate sizes are apparent in the figures. It appears that increasing sound
frequencies leads to a general trend of smaller agglomerates. Careful inspection of the figures
appear to reveal that higher percentages of smaller agglomerates are generated at higher
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frequencies. Figures 54 and 55 are an exception. A higher density of particles are shown on
the membranes than in the other figures. Figure 55, taken at 2500X magnification, reveals a
generally higher ratio of small agglomerates are generated at a frequency of 5 kHz than at 1
kHz. It appears, according to figures 58 and 59, that a 15 kHz frequency generated the smallest
agglomerates. It appears in figure 58 that most of the agglomerates are less than 2.5 µm.
Figure 59, taken at 2500X magnification, shows the vast majority of the agglomerates are less
than 1 µm in size; many of the agglomerates are 200 nm or less in size.

Figure 32: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a Tedlar® membrane, 7 kHz,
and 1 kX. SEM micrograph taken at 1 kX magnification of 20 nm aluminum oxide agglomerates generated
using a Tedlar® support membrane and a frequency of 1 kHz.
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Figure 33: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a Tedlar® membrane, 7 kHz,
and 2.5 kX. SEM micrograph taken at 2.5 kX magnification of 20 nm aluminum oxide agglomerates
generated using a Tedlar® support membrane and a frequency of 1 kHz.

Figure 34: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a Tedlar® membrane, 12
kHz, and 1 kX. SEM micrograph taken at 1 kX magnification of 20 nm aluminum oxide agglomerates
generated using a Tedlar® support membrane and a frequency of 10 kHz.
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Figure 35: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a Tedlar® membrane, 13
kHz, and 1 kX. SEM micrograph taken at 1 kX magnification of 20 nm aluminum oxide agglomerates
generated using a Tedlar® support membrane and a frequency of 15 kHz.

Figure 36: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a wax paper membrane, 1
kHz, and 1 kX. SEM micrograph taken at 1 kX magnification of 20 nm aluminum oxide agglomerates
generated using a wax paper support membrane and a frequency of 1 kHz.
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Figure 37: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a wax paper membrane, 1
kHz, and 2.5 kX. SEM micrograph taken at 2.5 kX magnification of 20 nm aluminum oxide agglomerates
generated using a wax paper support membrane and a frequency of 1 kHz.

Figure 38: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a wax paper membrane, 5
kHz, and 1 kX. SEM micrograph taken at 1 kX magnification of 20 nm aluminum oxide agglomerates
generated using a wax paper support membrane and a frequency of 5 kHz.
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Figure 39: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a wax paper membrane, 5
kHz, and 2.5 kX. SEM micrograph taken at 2.5 kX magnification of 20 nm aluminum oxide agglomerates
generated using a wax paper support membrane and a frequency of 5 kHz.

Figure 40: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a wax paper membrane, 10
kHz, and 1 kX. SEM micrograph taken at 2.5 kX magnification of 20 nm aluminum oxide agglomerates
generated using a wax paper support membrane and a frequency of 10 kHz.
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Figure 41: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a wax paper membrane, 10
kHz, and 2.5 kX. SEM micrograph taken at 2.5 kX magnification of 20 nm aluminum oxide agglomerates
generated using a wax paper support membrane and a frequency of 10 kHz.

Figure 42: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a wax paper membrane, 15
kHz, and 1 kX. SEM micrograph taken at 1 kX magnification of 20 nm aluminum oxide agglomerates
generated using a wax paper support membrane and a frequency of 15 kHz.
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Figure 43: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a wax paper membrane, 15
kHz, and 2.5 kX. SEM micrograph taken at 2.5 kX magnification of 20 nm aluminum oxide agglomerates
generated using a wax paper support membrane and a frequency of 15 kHz.

Figure 44: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a plastic wrap membrane, 1
kHz, and 1 kX. SEM micrograph taken at 1 kX magnification of 20 nm aluminum oxide agglomerates
generated using a plastic wrap support membrane and a frequency of 1 kHz.
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Figure 45: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a plastic wrap membrane, 1
kHz, and 2.5 kX. SEM micrograph taken at 2.5 kX magnification of 20 nm aluminum oxide agglomerates
generated using a plastic wrap support membrane and a frequency of 1 kHz.

Figure 46: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a plastic wrap membrane, 5
kHz, and 1 kX. SEM micrograph taken at 1 kX magnification of 20 nm aluminum oxide agglomerates
generated using a plastic wrap support membrane and a frequency of 5 kHz.
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Figure 47: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a plastic wrap membrane, 5
kHz, and 2.5 kX. SEM micrograph taken at 2.5 kX magnification of 20 nm aluminum oxide agglomerates
generated using a plastic wrap support membrane and a frequency of 5 kHz.

Figure 48: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a plastic wrap membrane, 10
kHz, and 1 kX. SEM micrograph taken at 1 kX magnification of 20 nm aluminum oxide agglomerates
generated using a plastic wrap support membrane and a frequency of 10 kHz.
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Figure 49: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a plastic wrap membrane, 10
kHz, and 2.5 kX. SEM micrograph taken at 2.5 kX magnification of 20 nm aluminum oxide agglomerates
generated using a plastic wrap support membrane and a frequency of 10 kHz.

Figure 50: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a plastic wrap membrane, 15
kHz, and 1 kX. SEM micrograph taken at 1 kX magnification of 20 nm aluminum oxide agglomerates
generated using a plastic wrap support membrane and a frequency of 15 kHz.
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Figure 51: SEM micrograph of ADAGE generated 20 nm aluminum oxide using a plastic wrap membrane, 15
kHz, and 2.5 kX. SEM micrograph taken at 2.5 kX magnification of 20 nm aluminum oxide agglomerates
generated using a plastic wrap support membrane and a frequency of 15 kHz.

Figure 52: SEM micrograph of ADAGE generated 20 nm aluminum oxide using an aluminum foil membrane, 1
kHz, and 1 kX. SEM micrograph taken at 1 kX magnification of 20 nm aluminum oxide agglomerates
generated using an aluminum foil support membrane and a frequency of 1 kHz.
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Figure 53: SEM micrograph of ADAGE generated 20 nm aluminum oxide using an aluminum foil membrane, 1
kHz, and 2.5 kX. SEM micrograph taken at 2.5 kX magnification of 20 nm aluminum oxide agglomerates
generated using an aluminum foil support membrane and a frequency of 1 kHz.

Figure 54: SEM micrograph of ADAGE generated 20 nm aluminum oxide using an aluminum foil membrane, 5
kHz, and 1 kX. SEM micrograph taken at 1 kX magnification of 20 nm aluminum oxide agglomerates
generated using an aluminum foil support membrane and a frequency of 5 kHz.
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Figure 55: SEM micrograph of ADAGE generated 20 nm aluminum oxide using an aluminum foil membrane, 5
kHz, and 2.5 kX. SEM micrograph taken at 2.5 kX magnification of 20 nm aluminum oxide agglomerates
generated using an aluminum foil support membrane and a frequency of 5 kHz.

Figure 56: SEM micrograph of ADAGE generated 20 nm aluminum oxide using an aluminum foil membrane, 10
kHz, and 1 kX. SEM micrograph taken at 1 kX magnification of 20 nm aluminum oxide agglomerates
generated using an aluminum foil support membrane and a frequency of 10 kHz.

83

Figure 57: SEM micrograph of ADAGE generated 20 nm aluminum oxide using an aluminum foil membrane, 10
kHz, and 2.5 kX. SEM micrograph taken at 2.5 kX magnification of 20 nm aluminum oxide agglomerates
generated using an aluminum foil support membrane and a frequency of 10 kHz.

Figure 58: SEM micrograph of ADAGE generated 20 nm aluminum oxide using an aluminum foil membrane, 15
kHz, and 1 kX. SEM micrograph taken at 1 kX magnification of 20 nm aluminum oxide agglomerates
generated using an aluminum foil support membrane and a frequency of 15 kHz.
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Figure 59: SEM micrograph of ADAGE generated 20 nm aluminum oxide using an aluminum foil membrane, 15
kHz, and 2.5 kX. SEM micrograph taken at 2.5 kX magnification of 20 nm aluminum oxide agglomerates
generated using an aluminum foil support membrane and a frequency of 15 kHz.
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DISCUSSION AND CONCLUSIONS
The sampling chamber used in the comparison of the two techniques performed
acceptably. The chamber was easily exhausted to below 0.3 particles cm-3 prior to sample
collection. The leak rate of this chamber was determined to be 1.2 milliliters per minute when it
was operated under typical experimental conditions; the chamber had a decay constant equal to
0.008 min-1. According to McClellan and Henderson (1995), a leak rate of 2 % of the total flow
through the camber was considered acceptable. This chamber had an overall leak rate of less
than 0.01%. The aerosol was qualitatively determined to be evenly distributed within the
chamber as verified by the pattern of smoke stains on the cloth. The relative humidity could be
generally maintained at 42%
An aerosol of sodium chloride could be generated in the nanometer range. Two distinct
aerosol concentrations, a high concentration approximately 75,000 particles cm-3 and a low
concentration approximately 20,000 particles cm-3, could be generated at a consistent
concentration for up to two hours. The SMPS and SEM data showed that the runs were
reproducible over several runs at both high and low aerosol concentrations.
The SMPS data in figure 26 are log-normally distributed. The lines of fit in figure 26 for
the SMPS characterized distributions are mostly parallel suggesting the distributions are roughly
the same. The GSD of those distributions, about 1.7, confirms that the distributions are roughly
the same. The SEM data in figure 26 are also log-normally distributed. The lines of fit in figure
26 for the SEM characterized distributions are also mostly parallel suggesting the distributions
are also roughly the same. The GSDs of those distributions, about 1.7 – 1.8, confirms that the
distributions are roughly the same. Furthermore, the lines of fit in figure 26 for the SEM and
SMPS techniques are largely parallel with respect to each other. The distance at the CMD
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between the lines of fit of the two techniques is approximately 11 nm. This suggests that the
SMPS and the SEM techniques characterized a similar distribution of aerosols and that the only
difference between the distributions of the two techniques is the median particle size of the
distribution. The median diameters of the SPMS characterized distributions are consistent,
ranging from 40.1 – 43 nm. The median diameters of the SEM characterized distributions are
also mostly consistent ranging from 50 – 55.6 nm.
It is interesting that the average distance between the lines of fit of the techniques in
figure 26 increases as the cumulative percent increases. The average distance between the
techniques is about 6 µm at -1 GSD, increases to about 22 nm at +1 SD and further increases
to about 41 nm at the 98 % diameter. This trend is also illustrated in table 6. The differences at
-1 GSD, the CMD, and +1 GSD increase significantly. This phenomena is due to the nature of
comparing two log-normal distributions. This illustrates why it is best to compare two log-normal
distributions using the values at their CMD. The average of the CMDs of the SMPS
characterized distributions in figure 26 is 41.1 nm and the average of the CMDs of the SEM
characterized distributions is 52.5 nm. This represents an average difference between the
techniques equal to 11.4 nm and a percent difference of 24 %.
The SMPS data in figure 27 are log-normally distributed. The lines of fit in figure 27 for
the SMPS characterized distributions are mostly parallel suggesting the distributions are roughly
the same. The GSD of those distributions, about 1.6, confirms that the distributions are roughly
the same. The SEM data in figure 27 are also log-normally distributed. The lines of fit in figure
27 for the SEM characterized distributions are less parallel than in the high aerosol
concentration runs. The GSDs also have a slightly wider range (1.66 – 1.83); however, the
distributions are still very similar. The median diameters of the SMPS characterized
distributions are consistent, ranging from 41 – 42.2 nm. The median diameters of the SEM
characterized distributions have more variability, ranging from 52.4 – 62.3 nm. The average of
the CMDs of the SMPS characterized distributions is 41.7 nm and the average of the CMDs of
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the SEM characterized distributions is 56.8 nm. This represents an average difference between
the techniques equal to 15.1 nm and a percent difference of 30.7 %.
The SEM characterized lines of fit in the low aerosol concentration runs have a wider
variability at the lower size range than in the high aerosol concentration runs; whereas, the
SMPS lines of fit converge in the low aerosol concentration runs. One possibility that might
explain the wider variability seen in the SEM lines of fit is that perhaps a higher fraction of the
smallest particles are being lost through the pores in the polycarbonate membrane during the
low concentration runs. The loss of those particles could cause an instability in the distributions
at their lower size range. One possibility that might explain why the SMPS lines of fit converge
is that perhaps the CPC of the SMPS is counting single, small particles more accurately; and
thus, the CPC is less efficient at counting single, small particles when the particle concentration
is higher inside the CPC.
The SEM characterization technique could be reconciled to that of the SMPS
characterization technique for the effects of the sputter coating process. The effects of the
sputter coating were controlled by calibrating the Porton graticule using the CMD of uncoated
PSLSs. The thickness of the sputter coating was determined on two different nano-sized
PSLSs and two larger PSLSs. Over the size ranges tested from 52 – 220 nm, the sputter
coating thickness was virtually the same and about 16 nm. Therefore, the different sized salt
crystals would not have been coated any differently.
The thickness of the sputter coating adds to the overall size of a particle. Although the
thickness of the sputter coat is only 16 nm, it represents a significant amount when considering
nanoparticles. NIOSH has defined nanoparticles as particles less than 100 nm in size; the
thickness of the sputter coating represents 16 % of this size. Although 16 nm may not add
considerably to a micron-sized particle, it adds a significant amount to the size of nanoparticles.
The sputter coating can also affect how a particle is classified using the Porton graticule.
The first three intervals have a width less than the overall thickness of the coating. The coating
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thickness would also likely affect how a particle is classified in the larger intervals. The last
interval is 79.6 nm wide and the coating thickness represents 20 % of that interval.
Nanoparticles would likely be misclassified into a higher interval using this classification
technique if the effects of the sputter coating are not considered.
The effects of the sputter coating has public health implications when one considers the
results from a SEM characterized nanoaerosol. If the sputter coating is not considered, a
nanoaerosol is likely to be reported as being larger than it actually is. This could have the effect
of underestimating the dangers associated with a nanoparticle exposure since nanoparticles
tend to be more toxic.
The two characterization techniques, SEM and SMPS, were able to characterize an
aerosol at two different concentrations. The techniques provided reasonably similar results.
The percent difference between the two techniques was also comparable to the accuracy of
some analytical methods. SEM provides a means to visually inspect an aerosol and can
confirm aerosol origin; however, the characterization technique is time intensive. The nature of
the SEM characterization also has potential issues associated with human error in classifying
the particles. Considering the minimal efforts involved in obtaining a size distribution using a
portable SMPS, this technology seems to be a reasonable choice for characterizing an aerosol.
This research has important implications for worker health where nanoaerosol exposure
is a concern. The sputter coating must be considered when SEM is used to describe a
nanoaerosol exposure. Fortunately, the sputter coating can be expected to be the same
thickness on particles of all sizes, including nanoparticles. A method of characterizing a
nanoaerosol that is user friendly, fast, efficient, and accurate is the method most likely to be
used. Instrumentation, such as a portable SMPS, is likely to fit such a profile. This research
supports the conclusion that a portable SMPS of the kind used in this study seems to be a
reasonable and reliable choice for measuring a nanoaerosol exposure in the workplace.
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The results from the ADAGE aerosolization of bulk aluminum oxide nanoparticles were
disappointing. The output from the ADAGE was much less than expected and resulted in
having to take a filter sample directly from the ADAGE’s outlet. It was hoped to use the sample
chamber for sample collection so that instrumentation could have been used to quantify the
aerosol. Unfortunately, only a qualitative comparison of the ADAGE configurations could be
made based on the SEM micrographs. The wide size range of the agglomerates presented in
the micrographs prevented a more detailed analysis of the size distribution. Furthermore, the
current configuration of membranes and frequencies did not provide for a high degree of
deagglomeration. Virtually all of the particle agglomerates shown in the aluminum oxide
pictures were larger than NIOSH’s definition of a nanoparticle. Indeed, some of the
agglomerates that appear in the pictures were larger than what should have been allowed to
exit the ADAGE based on the terminal settling velocity of a 6 µm aluminum oxide particle. It
was mentioned that the internal velocity profile of the ADAGE was 0.44 cm/sec and that
aluminum oxide particles greater than 6 µm should not have been carried out of the ADAGE.
This was not the case as many of the pictures showed agglomerates larger than 6 µm. Weyel
et al. (1984) had warned that the ADAGE was not a vertical elutriator in its pure sense. He
mentioned that the sound energy imparted an additional upward force that would allow particles
larger than theoretically possible, based on conditions within the ADAGE, to exit the ADAGE.
This study seems to add credence to his warning.
It appears that some of the configurations tested were better at generating smaller
agglomerates. In general, higher sound frequencies produced smaller agglomerates. Some of
the agglomerates approached the size of the PCM pores, 200 nm, and smaller when the highest
frequency was used to generate the aerosol. It also appears that the ADAGE was most efficient
at producing the smallest agglomerates when it was operated at a frequency of 15 kHz and
utilized aluminum foil as a support membrane.
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In summary, a portable SMPS yielded results similar to those obtained by SEM. The
sputter coating was the same thickness on the PSLSs studied. The sputter coating thickness
can add significantly to the size of a nanoparticle and must be considered when characterizing
nanoparticles using SEM. Finally, a conductive support membrane and higher frequencies
appeared to generate the smallest agglomerates using the ADAGE technique.
Areas for further research include testing the ADAGE using different kinds of
nanopowders, better conductive membranes, better and more powerful speakers, and different
sound frequencies. It is important to have a higher particle output from the ADAGE in order to
introduce the aerosol into the sampling chamber. Perhaps a combination of these changes in
the operation of the ADAGE would yield a higher aerosol output. Also, the addition of a venture
aspirator, as suggested by Adamcakova-Dodd (2012), may have increased the output from the
ADAGE. If the aerosol output from the ADAGE had been sufficient enough to introduce the
aerosol into the chamber, further study of the aerosol would have been possible.
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APPENDIX A:
List of Abbreviations
ADAGE
cm
cm-3
cm/sec
CMD
CPC
FBAG
GSD
HEPA
keV
kHz
kX
L/min
mA
mg
min
ml
mm
µm
µl
MSNS
NIOSH
NIST
nm
NTP
o.d.
PCM
PSLS
RMS
sec
SEM
SEMAS
SMPS
SPL
SSPD
TEM
TEMAS
±

acoustic dry aerosol generator elutriator
centimeters
per cubic centimeters
centimeters per second
count median diameter
condensation particle counter
fluidized bed aerosol generator
geometric standard deviation
high-efficiency particulate air
kiloelectronvolt
kilohertz
1000 times magnification
liters per minute
milliamp
milligrams
minute
milliliter
millimeter
micrometer
microliter
manufacture’s stated nominal size
National Institute for Occupational Safety and Health
National Institute of Standards and Technology
nanometer
normal temperature and pressure
outside diameter
polycarbonate membrane
polystyrene latex spheres
Root-Mean-Squared
second
scanning electron microscope
scanning electron microscope apparent size
scanning mobility particle sizer
sound pressure level
small-scale powder disperser
transmission electron microscope
transmission electron microscope apparent size
plus or minus
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98
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APPENDIX C:
Speaker Test Results
Table A1: Speaker testing at different frequencies. The table shows the frequencies that the
speaker was tested at, the octave band analyzer’s frequency and resulting sound pressure
level, and the sound pressure level before and after approximately 35 minutes of continuous

Speaker Frequency
(kHz)

1

4

8

16

Octave Band Analyzer
Frequency
(kHz)
0.5

Decibels
(dB)
74.6

1

96.2

2

75.4

2

80.7

4

102.5

8

80.9

4

83.8

8

105.5

16

83.9

8

86.5

16

111.5

100

35 minute Speaker Test
(dB linear)
Initial

After

122

120.6

NA

NA

120

119.8

91.5

90.2

